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1 Introduction 
Developmental processes are controlled by the dynamic interplay between transcription factors 
and their target genes. Thereby transcription factors often bind to DNA not as monomers but as 
higher order homo- and heteromeric complexes. The activation or repression of target genes 
therefore highly depends on the protein-protein interactions of the corresponding transcription 
factor. A good case in point are floral homeotic MADS-domain transcription factors 
(MADS-TFs) that bind as heterotetramers to cis-regulatory DNA elements of target genes to 
control floral organ identity determination of angiosperms (Theißen and Saedler, 2001). It is 
presumed that the composition of the heterotetramer determines the set of target genes and 
eventually defines the identity of the developing floral organ. The protein-protein interactions of 
floral homeotic MADS-TFs and the structure and evolution of the protein-protein interaction 
network (PPI network) controlling flower development are thus of great scientific interest. With 
this thesis I aim to deepen our understanding of the molecular mechanisms underlying the 
protein-protein interactions of floral homeotic MADS-TFs and to give insights into how certain 
interaction patterns of floral homeotic proteins changed in the course of angiosperm evolution. 
1.1 MADS-domain transcription factors in plants - a K-domain blessing 
MADS-box genes are a synapomorphy of eukaryotes and encode for MADS-TFs that control a 
variety of different developmental processes of animals, plants and fungi (Messenguy and 
Dubois, 2003). Whereas only few MADS-box genes are present in animals and fungi (Messenguy 
and Dubois, 2003), their number dramatically increased during plant evolution, with more than 
100 gene family members being present in Arabidopsis thaliana (Parenicova et al., 2003; 
Gramzow and Theißen, 2010). All MADS-TFs share a highly conserved DNA-binding 
MADS-domain, with ‘MADS’ being an acronym for the four founding members of this protein 
family: MINICHROMOSOME MAINTENANCE FACTOR 1, AGAMOUS, DEFICIENS, and 
SERUM RESPONSE FACTOR (Schwarz-Sommer et al., 1990). An ancestral gene duplication in 
the stem group of extant eukaryotes gave rise to two clades of MADS-box genes, termed Type I 
and Type II genes (Alvarez-Buylla et al., 2000; Gramzow et al., 2010). Whereas relatively little is 
known about function and evolution of Type I MADS-box genes in plants, Type II genes 
constitute key regulators of many developmental processes in angiosperms and they are therefore 
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one of the best studied gene families within plants (Kaufmann et al., 2005a; Gramzow and 
Theißen, 2010; Smaczniak et al., 2012a; Gramzow and Theißen, 2013). 
 
Plant Type II MADS-TFs are characterized by a conserved domain structure comprising the 
highly conserved MADS-domain (M), followed by an intervening (I), a keratin-like (K) and a 
C-terminal (C) domain (Theißen et al., 1996; Becker and Theißen, 2003; Kaufmann et al., 
2005a). This conserved architecture is unique to plant Type II MADS-TFs and due to this domain 
structure plant Type II MADS-TFs are also referred to as MIKC-type proteins. Whereas MADS- 
and I-domain function in the formation of DNA-bound dimers, the K-domain enables (at least 
many) MIKC-type proteins to also tetramerize among each other (Melzer and Theißen, 2009; 
Melzer et al., 2009; Smaczniak et al., 2012b; Puranik et al., 2014). It is presumed that the 
emergence of the K-domain was a key event in the evolution of plant Type II MADS-TFs and 
that the conjunction of a DNA-binding MADS-domain with a protein-protein interaction domain 
was of importance for success of this transcription factor family (Kaufmann et al., 2005a; 
Manuscript IV: Theißen et al., 2016; Manuscript V: Rümpler et al., 2017). 
 
MIKC-type genes are found in charophytes (freshwater green algae) but not in chlorophytes 
(Tanabe et al., 2005; Derelle et al., 2006). Thus it appears most likely that the recruitment of the 
K-domain took place in the stem group of extant streptophytes (charophytes and land plants) 
(Fig. 1). During streptophyte evolution MIKC-type genes further diverged into two groups: 
MIKCC and MIKC* (Fig. 1) (Henschel et al., 2002; Kaufmann et al., 2005a; Gramzow and 
Theißen, 2010). In angiosperms MIKCC-type genes predominantly function in sporophyte 
development, whereas the expression of MIKC*-type genes is mainly restricted to the male 
gametophyte (Zobell et al., 2010; Kwantes et al., 2012; Smaczniak et al., 2012a). Structurally 
MIKCC- and MIKC*-type genes differ in length and number of the exons that encode for the 
K-domain (Henschel et al., 2002; Kwantes et al., 2012). It is not entirely clear as to exactly when 
the duplication of an ancestral MIKC-type gene gave rise to MIKCC and MIKC*. However, 
sequence features of MIKC-type gene from charophyte algae suggest that they represent direct 
descendants of a MIKC-type gene that was ancestral to both, MIKCC- and MIKC*-type genes 
(Tanabe et al., 2005; Kwantes et al., 2012). 
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During land plant evolution the group of MIKCC-type genes considerably expanded giving rise to 
17 subfamilies that had already been established in the most recent common ancestor (MRCA) of 
extant angiosperms (Gramzow and Theißen, 2010; Gramzow and Theissen, 2015). In various 
angiosperm species members of the different subfamilies often have very similar or even 
identical functions (Smaczniak et al., 2012a). The best studied MIKCC-type genes belong to the 
seven subfamilies of APETALA1- (AP1), APETALA3- (AP3), PISTILLATA- (PI), AGAMOUS- 
(AG), SEEDSTICK- (STK), SEPALLATA1- (SEP1), and SEPALLATA3 (SEP3)-like genes which 
comprise key regulators for floral meristem and floral organ identity determination and all of 
which encode for floral homeotic proteins. In addition to the central role of some MIKCC-type 
genes for flower development, members of less intensively studied subfamilies have been shown 
to fulfill diverse other functions ranging from root development and nutrient response to initiation 
of flowering and seed development (Gramzow and Theißen, 2010; Smaczniak et al., 2012a). 
Interestingly, analyses on whole genome data of 27 angiosperm species have shown that among 
Figure 1: The evolution of plant Type II MADS-TFs. It is presumed that the K-domain coding K-box joined 
an ancestral Type II MADS-box gene in the stem group of extant streptophytes giving rise to an ancestral 
MIKC-type gene. Following a gene duplication in the MRCA of extant land plants, plant Type II MADS-box 
genes diverged into MIKCC- and MIKC*-type genes. During land plant evolution the family of MIKCC-type 
genes considerably expanded leading to 12 seed plant specific subfamilies and 17 angiosperm specific 
subfamilies of MIKCC-type genes.  
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the 17 angiosperm-specific subfamilies of MIKCC-type genes 15 have either never or only 
extremely rarely been completely lost in any of the examined species (Gramzow and Theissen, 
2015). This suggests that also MIKCC-type gene subfamilies of so far undetermined function may 
control important developmental or physiological processes in angiosperms. 
 
1.2 MIKCC-type MADS-TFs controlling flower development of angiosperms 
Due to their conspicuous mutant phenotypes MADS-box genes that control the flower 
development of angiosperms were among the first MADS-box genes that have been identified 
(Sommer et al., 1990; Yanofsky et al., 1990). Based on the phenotypes of different floral 
homeotic mutants the involved genes were allocated to five classes of partially overlapping floral 
homeotic functions: A, B, C, D, and E (Coen and Meyerowitz, 1991; Krizek and Meyerowitz, 
1996a; Theißen, 2001; Favaro et al., 2003). According to the ABCDE-model class A genes 
together with class E genes determine the identity of first whorl sepals; the combined function of 
A, B and E class genes controls the development of second whorl petals; B, C and E class genes 
together specify third whorl stamens; C together with E class genes determine fourth whorl 
carpels and the combination of C, D and E class genes controls the development of ovules inside 
the carpels (Fig. 2 bottom part). The genes that fulfill the different floral homeotic functions each 
belong to one of the different subfamilies of MIKCC-type genes. A-function is exerted by 
AP1-like genes; AP3- and PI-like genes together fulfill B-function; C-function is realized by 
AG-like genes; STK-like genes exert D-function and the subfamilies of SEP1- and SEP3-like 
genes function as E-class genes (Fig. 2 bottom part) (reviewed by Theißen, 2001; O'Maoileidigh 
et al., 2014). 
 
At the molecular level the combined activity of the different floral homeotic genes is realized by 
highly specific protein-protein interactions of the encoded MIKCC-type MADS-TFs. The floral 
quartet model (FQM) proposes that the floral homeotic proteins interact to form DNA-bound 
floral organ specific heterotetrameric complexes, so called floral quartets (Fig. 2 top part) 
(Theißen, 2001; Theißen and Saedler, 2001; reviewed in Manuscript IV: Theißen et al., 2016). 
More precisely for A. thaliana it is presumed that a tetramer of two AP1 and two SEP proteins 
(i.e. an AAEE quartet) determines sepal development, an AP1/AP3/PI/SEP (ABBE) complex 
specifies petals, an AP3/PI/AG/SEP (BBCE) tetramer controls stamen identity, a complex of two 
AG proteins and two SEP proteins (CCEE) determines carpel development and a CDDE tetramer 
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composed of one AG protein, one SEP protein and two of the three STK-like subfamily members 
present in A. thaliana STK, SHATTERPROOF1 (SHP1) and SHP2 is assumed to control ovule 
development inside the carpels (Fig. 2 top part) (Theißen, 2001; Theißen and Saedler, 2001; 
Melzer et al., 2006; Melzer and Theißen, 2009; Smaczniak et al., 2012b). Within angiosperms the 
floral homeotic functions and the corresponding subfamilies of MIKCC-type genes are highly 
conserved (Becker and Theißen, 2003; Gramzow and Theissen, 2015) and it is believed that 
floral organ identity determination is controlled by floral quartet-like complexes (FQCs) of floral 
homeotic MIKCC-type proteins throughout angiosperms. 
 
 
 
Figure 2: The ABCDE- and the floral quartet model of floral organ identity determination in 
angiosperms. According to the ABCDE-model (bottom part) the identity of each floral organ type (sepal, petal, 
stamen, carpel, and ovule) is controlled by 5 partially overlapping floral homeotic functions: A, B, C, D, and E. 
Each function is exerted by MIKCC-type MADS-box genes belonging to seven different subfamilies: AP1-like 
genes (A-function), AP3- and PI-like genes (B-function), AG-like genes (C-function), STK-like genes 
(D-function), and SEP1- and SEP3-like genes (E-function). At the molecular level the combined activity of the 
floral homeotic functions is realized by the formation of floral organ specific DNA-bound heterotetramers of the 
encoded MIKCC-type MADS-TFs (top part). Based on the generic floral quartet model shown here a tetramer of 
two A- and two E-function proteins (AAEE quartet) is assumed to control sepal development, an ABBE quartet 
specifies petals, a BBCE quartet determines stamens, a CCEE quartet specifies carpel identity and a CDDE 
quartet controls development of the ovules inside the carpel. 
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1.3 The protein-protein interaction network of floral homeotic proteins 
As proposed by the FQM and meanwhile confirmed by numerous studies the functional unit of 
most if not all floral homeotic MIKCC-type MADS-TFs is of tetrameric rather than dimeric state 
(Melzer and Theißen, 2009; Melzer et al., 2009; Smaczniak et al., 2012b; Mendes et al., 2013; 
Jetha et al., 2014; Ruelens et al., 2017). Furthermore recent in silico studies suggest that 
FQC-formation is not restricted to floral homeotic proteins but instead is a widespread property 
of MIKCC-type proteins (Espinosa-Soto et al., 2014). For a detailed understanding of the 
combinatorial activity of MIKCC-type proteins it is thus crucial to investigate the structure and 
evolution of the underlying PPI network. Although all MIKCC-type proteins share the highly 
conserved protein-protein interacting K-domain their abilities to form DNA-bound homo- and 
heterodimers and -tetramers considerably differs. Most MIKCC-type proteins display a quite 
restricted set of potential interaction partners whereas few members function as hubs that mediate 
interaction of numerous other MIKCC-type proteins (de Folter et al., 2005; Immink et al., 2009; 
Al Hindi et al., 2017; Ruelens et al., 2017). This scale-free structure is characteristic for 
biological PPI networks as it makes them less vulnerable for the random removal of nodes 
(Barabasi and Oltvai, 2004; Kitano, 2004). 
 
Within the PPI network controlling flower development of A. thaliana the E-class protein SEP3 
constitutes a major hub as it incorporates other floral homeotic proteins into floral quartets that 
would otherwise not form (Favaro et al., 2003; Immink et al., 2009; Melzer and Theißen, 2009; 
Smaczniak et al., 2012b). However, the set of interaction partners of SEP3 is not restricted to 
floral homeotic proteins but also comprises MIKCC-type proteins belonging to other subfamilies 
such as SUPPRESSOR OF OVEREXPRESSION OF CONSTANTS 1 (SOC1), SHORT 
VEGETATIVE PHASE (SVP), AGAMOUS-LIKE 6 (AGL6) and AGL24 which are involved in 
the initiation of flowering (Immink et al., 2009; Liu et al., 2009). Furthermore SEP3 has been 
shown to also mediate the interaction of ARABIDOPSIS B-SISTER (ABS) and STK that play an 
important role in seed development and fertilization (Kaufmann et al., 2005b; Mizzotti et al., 
2012). The promiscuous interactions of SEP3 suggest that it fulfills a hub function in the PPI 
network of MIKCC-type proteins also beyond floral organ identity determination. Interestingly 
SEP3 acts in a mostly redundant manner with the other E-class proteins SEP1, SEP2, and SEP4 
(Pelaz et al., 2000; Ditta et al., 2004) which are also phylogenetically closely related to SEP3 
(Zahn et al., 2005b). Although the other SEP proteins exhibit a much narrower set of interaction 
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partners compared to SEP3 (Immink et al., 2009), the functional redundancy suggests that the 
hub function of SEP3 can at least partially be undertaken by the other E-class proteins. 
 
In contrast to the numerous interactions of SEP3 the B-class proteins AP3 and PI represent 
non-hubs in the PPI network controlling flower development of A. thaliana as they only form 
obligate heterodimers (Riechmann et al., 1996b; Immink et al., 2009) and require SEP proteins to 
be incorporated into tetrameric complexes (Melzer and Theißen, 2009; Smaczniak et al., 2012b). 
AP3- and PI-like genes are phylogenetically closely related and most likely originated by a 
duplication of an ancestral AP3/PI-like gene in the stem group of extant angiosperms (Winter et 
al., 2002a). Interestingly, orthologs of AP3/PI-like proteins from gymnosperms have been shown 
to homodimerize leading to the hypothesis that the obligate heterodimerization of AP3- and 
PI-like proteins originated from homodimerization (Winter et al., 2002b). It was proposed that 
the obligate heterodimerization of AP3- and PI-like proteins enhanced the developmental 
robustness during floral organ identity determination and thereby fostered the canalization of 
flower development during angiosperm evolution (Lenser et al., 2009). However it remained 
unknown whether the obligate heterodimerization of AP3- and PI-like proteins is an ancient 
feature that was already present in the MRCA of extant angiosperms or if it evolved during 
angiosperm evolution (addressed in Manuscript I: Melzer et al., 2014). 
 
1.4 The keratin-like domain of MIKCC-type proteins 
Although for most MIKCC-type proteins MADS- and I-domain together are sufficient for the 
formation of DNA-bound dimers (Huang et al., 1996), numerous studies illustrated that the 
K-domain makes important contributions to dimerization and that it is essential for 
tetramerization of MIKCC-type proteins (Davies et al., 1996; Riechmann et al., 1996b; Fan et al., 
1997; Moon et al., 1999; Yang et al., 2003b; Yang et al., 2003a; Yang and Jack, 2004; Immink et 
al., 2009; Melzer et al., 2009; van Dijk et al., 2010; Puranik et al., 2014; Bartlett et al., 2016; 
Silva et al., 2016). The amino acid sequence within the K-domain of most MIKCC-type proteins 
shows three patterns of regularly spaced hydrophobic and charged residues based on which the 
K-domain was subdivided into three subdomains: K1-, K2- and K3-subdomain (Ma et al., 1991; 
Riechmann et al., 1996b) (Fig. 3A). The so called heptad repeat pattern of the form [abcdefg]n 
with hydrophobic residues at ‘a’ and ‘d’ positions and charged residues at ‘e’ and ‘g’ positions is 
characteristic for a widespread and intensively studies class of protein-protein interaction 
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domains termed coiled-coil (reviewed by Mason and Arndt, 2004; Lupas and Gruber, 2005). In a 
coiled-coil the amino acid α-helix itself is bent into a helical conformation in a way that the 
hydrophobic residues on heptad repeat ‘a’ and ‘d’ positions form a stripe that runs along the helix 
and facilitates hydrophobic interactions with a partner coiled-coil (Fig. 3B). The hydrophobic 
stripe is flanked by charged residues on heptad repeat ‘e’ and ‘g’ positions that allow for 
intermolecular electrostatic interactions (Mason et al., 2009). Coiled-coil interactions have been 
studied intensively in recent decades and much is known about energetic contributions of 
different amino acids on heptad repeat ‘a’, ‘d’, ‘e’, and ‘g’ positions (Zhu et al., 1993; Moitra et 
al., 1997; Mason et al., 2009; Azuma et al., 2014; Kükenshöner et al., 2014). Furthermore, 
computational models have been developed to predict coiled-coil interactions (Fong et al., 2004; 
Grigoryan and Keating, 2006; Potapov et al., 2015). However, due to a complex 
‘knobs-into-holes’ side chain packing between interacting coiled-coils we do not yet fully 
understand the contribution of individual amino acid parings to the overall interaction strength 
and interaction specificity. Considering the abundance of data on attractive and repulsive forces 
that facilitate or impede the interaction of coiled-coil proteins, relatively little of this knowledge 
has yet been used to determine sequence determinants of the K-domain that are critical for 
dimerization and tetramerization of MIKCC-type proteins (addressed in Manuscript V: Rümpler 
et al., 2017). Nevertheless, interaction studies with single amino acid substitution mutants of 
AP3, PI, SEP1 and SEP3 suggest that the physicochemical laws that underlie coiled-coil 
interactions are also applicable for the K-domain (Yang et al., 2003b; Yang et al., 2003a; Yang 
and Jack, 2004; Puranik et al., 2014; Silva et al., 2016). 
 
For a long time all assumptions concerning the structure of the K-domain were based on 
sequence similarities to known coiled-coil proteins. However, in 2014 Puranik et al. determined 
the X-ray crystallographic structure of a K-domain tetramer of SEP3, according to which the 
K-domain forms two amphipathic α-helices separated by a kink region that prevents 
intramolecular association of both helices (Puranik et al., 2014). The first helix comprises the 
K1-subdomain heptad repeat and constitutes an interaction interface for dimerization of two 
SEP3 monomers. The second helix encompasses the K2-subdomain that further strengthens the 
interaction of two SEP3 monomers and the K3-subdomain that mediates interaction of two SEP3 
dimers and thus facilitates tetramerization (Fig. 3C). 
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1.5 Floral homeotic proteins as targets of plant pathogen effectors 
As key regulators of various plant developmental processes MADS-TFs also constitute targets of 
plant pathogens that aim to alter host development. A remarkable example are plant pathogenic 
bacteria termed phytoplasmas that are able to influence the development of their host plants in a 
number of impressive ways (reviewed by Lee et al., 2000; Christensen et al., 2005; Hogenhout et 
al., 2008). Characteristic symptoms of a phytoplasma infection include the clustering of branches 
Figure 3: Sequence and structural features of the K-domain of MIKCC-type MADS-TFs. (A) Aligned 
amino acid sequences of the K-domain of AP1, AP3, PI, AG, SEP1, SEP2, SEP3 and SEP4. The amino acid 
sequences follow a characteristic heptad repeat pattern of the form [abcdefg]n with hydrophobic residues at ‘a’ 
and ‘d’ positions and charged residues at ‘e’ and ‘g’ positions. This amino acid pattern is characteristic for a 
class of protein-protein interaction domains termed coiled-coil. Based on the presence of three separate heptad 
repeats the K-domain was subdivided into three K-subdomains: K1 (yellow), K2 (red) and K3 (blue). According 
to the crystal structure of the K-domain of SEP3 the K1-subdomain is located within the first K-domain α-helix 
and helix two spans K2- as well as K3-subdomain. (B) If an amino acid strand that follows a heptad repeat 
structure is wound up to a helix the hydrophobic residues at heptad repeat ‘a’ and ‘d’ positions are directed to the 
same site of the helix and facilitate hydrophobic interactions with a partner coiled-coil. In addition charged 
residues at heptad repeat ‘e’ and ‘g’ positions mediate attractive or repulsive electrostatic interactions. 
(C) Crystal structure of a K-domain homotetramer of SEP3 (Puranik et al., 2014). The color coding of the 
subdomains follows the color coding of panel A. 
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termed witches’ broom, the green coloration of non-green floral organs (virescence), decline and 
stunting of plants and the development of leaf-like structures instead of floral organs known as 
phyllody (Lee et al., 2000; Maejima et al., 2014a; Marcone, 2014). Phytoplasmas are pathogens 
of numerous crop plants and the developmental alterations that come along with an infection 
cause devastating yield losses all over the world. In recent years an increasing number of studies 
investigated the molecular mechanisms that underlie different symptoms of a phytoplasma 
infection and it became apparent that at least many of these symptoms are induced by effector 
proteins secreted by the bacteria (Bai et al., 2009; Hogenhout et al., 2009; Sugio et al., 2011; 
MacLean et al., 2014; Sugio et al., 2014). 
 
One especially fascinating mechanism disclosed how phytoplasmas induce phyllody. The 
phytoplasma effector proteins SAP54 (for SECRETED ASTER-YELLOWS WITCHES-
BROOM PROTEIN 54) was shown to bind to MIKCC-type MADS-TFs and to destine them for 
degradation via the ubiquitin/26S proteasome pathway (Fig. 4A) (MacLean et al., 2014; Maejima 
et al., 2014b). SAP54 thereby specifically targets MIKCC-type proteins of certain subfamilies, 
among others comprising the floral homeotic E-class proteins SEP1, SEP2, SEP3 and SEP4 
(SEP-subfamily) and the A-class protein AP1 (SQUA/AP1-subfamily) (Fig. 4B) (MacLean et al., 
2014). The depletion of the targeted transcription factors causes defects in floral meristem and 
floral organ identity determination that resemble knock-out phenotypes of the respective A- and 
E-function genes (Bowman et al., 1993; Pelaz et al., 2000; Ditta et al., 2004). Whether the altered 
phenotype of the host plant is beneficial for the bacteria or if the phenotypic alterations are an 
ancillary effect of another SAP54 mediated mechanism is not entirely clear yet. Phytoplasma 
infected plants as well as plants overexpressing SAP54 have been shown to be more attractive to 
insect vectors that feed on the host plant and it was thus hypothesized that the bacteria induce 
leaf-like flowers as a means of increasing vegetative biomass to attract insect vectors (MacLean 
et al., 2014). However, in a recent study Orlovskis and Hogenhout (2016) could demonstrate that 
SAP54 mediates insect vector attraction independently of the altered floral phenotypes assuming 
another so far unexplored function of SAP54 (Orlovskis and Hogenhout, 2016). 
 
Remarkably SAP54 was shown to specifically interact with the K-domain of the targeted floral 
homeotic proteins (Fig. 4C) (MacLean et al., 2014). The high specificity of the interaction and 
hints for amino acid sequence similarities between SAP54 and the K-domain thus led to the 
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hypothesis that the interaction between SAP54 and floral homeotic proteins is probably mediated 
by a mechanism that is similar to that mediating higher order complex formation among floral 
homeotic proteins (addressed in Manuscript III: Rümpler et al., 2015b). 
 
 
 
 
Figure 4: The interaction between SAP54 and MIKCC-type MADS-TFs. (A) Following a phytoplasma 
infection the phytopathogenic bacteria secrete an effector protein termed SAP54 that specifically binds to 
MIKCC-type MADS-TFs of certain subfamilies including floral homeotic A- and E-class proteins. After being 
bound by SAP54 the targeted transcription factors are destined for degradation via the ubiquitin/26S proteasome 
pathway. Depletion of the floral homeotic A- and E-class proteins prevents the formation of floral quartets and 
eventually causes the development of leaf-like structures instead of floral organs, a phytoplasma infection 
symptom known as phyllody. (B) In addition to floral homeotic A- and E-class proteins (i.e. SQUA/AP1-like 
and SEP-like proteins) SAP54 also targets MIKCC-type MADS-TFs belonging to the subfamilies of FLC-, 
SOC1- and AG-like proteins (figure taken from MacLean et al., 2014). (C) Yeast-two-hybrid experiments with 
truncated MIKCC-type MADS-TFs have shown that SAP54 specifically binds the K-domain of the targeted 
proteins (figure taken from MacLean et al., 2014). 
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1.6 Aims of this thesis 
This thesis aims to deepen our understanding of the molecular mechanisms underlying the 
protein-protein interactions of floral homeotic proteins and to reveal how certain interaction 
patterns changed during angiosperm evolution. I focused my investigations on AP3-, PI- and 
SEP3-like MADS-TFs that play contrary roles within the PPI network controlling flower 
development, with SEP3-like proteins serving as major hubs and AP3- and PI-like proteins 
possessing highly restricted interaction capabilities. In the second part of this thesis I aim to 
provide insights into how the interaction between the phytoplasma effector protein SAP54 and 
the K-domain of floral homeotic proteins is realized at the molecular level and how this 
interaction may evolved. 
 
In particular I answer the following questions: 
 
- Had the protein-protein interactions governing flower development in core eudicots already 
been established at the base of extant angiosperms (Manuscript I)? 
- When and how did the dimerization behavior of AP3- and PI-like proteins change during 
angiosperm evolution (Manuscript I)? 
- Which amino acid residues within the K-domain are critical for the tetramerization of SEP3 
and how conserved are these positions among SEP3-like proteins (Manuscript V)? 
- Does the K-domain of other MIKCC-type proteins fold into a structure similar to that 
determined for SEP3 and which amino acid preferences do non-hubs such as AP3- and 
PI-like proteins show at the amino acid sites that are critical for tetramerization of 
SEP3 (Manuscript V)? 
- Does the phytoplasma effector protein SAP54 mimic the structure of the K-domain of 
MIKCC-type MADS-TFs (Manuscript III)? 
- Are the structural similarities between SAP54 and the K-domain of MIKCC-type MADS-TFs 
a result of horizontal gene transfer or did both proteins evolve convergently (Manuscript III)? 
 
In addition I describe the process of character state reconstruction as method to infer ancestral 
protein-protein interactions (Manuscript II) and discuss, based on current knowledge, when the 
tetramerization of MIKCC-type MADS-TFs and thus the formation of FQCs may have originated 
during plant evolution (Manuscript IV).  
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2 Manuscripts 
 
2.1 Manuscript overview 
 
Manuscript I 
Melzer, R., Härter, A., Rümpler, F., Kim, S., Soltis, P. S., Soltis, D. E., Theißen, G. (2014). DEF- 
and GLO-like proteins may have lost most of their interaction partners during angiosperm 
evolution. Ann. Bot. 114, 1431-1443. 
 
In this manuscript we demonstrate that DEF- and GLO-like MADS-TFs from early diverging 
angiosperms display more diverse protein-protein interaction capabilities than their orthologs 
from core eudicots. We hypothesize that the more flexible interactions of DEF- and GLO-like 
proteins from early diverging angiosperms may account for the diverse flower morphology 
observed in these species. The reduction of interaction partners during angiosperm evolution 
probably fostered developmental robustness and thereby contributed to the canalization of flower 
development. 
 
Author contributions: 
Andrea Härter and Sangtae Kim amplified and cloned the cDNA sequences. Andrea Härter 
performed the EMSA and yeast-two-hybrid experiments. Rainer Melzer and Florian Rümpler 
compiled the collection of previously published interaction data. Florian Rümpler created the 
phylogenic trees, performed the ancestral character state reconstructions and prepared the 
manuscript figures. Rainer Melzer wrote the manuscript. Günter Theißen designed and 
supervised the project. Pamela Soltis, Douglas Soltis, Günter Theißen and Florian Rümpler 
contributed to improving the manuscript. 
 
Overall contribution of Florian Rümpler: 20 % 
 
 I hereby certify the accuracy of the statements on the contributions of the authors. 
 
 
 Prof. Günter Theißen  
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Manuscript II 
Rümpler, F., Theißen, G., Melzer, R. (2015). Character-state reconstruction to infer ancestral 
protein-protein interaction patterns. Bio-protocol 5, published online. 
 
This manuscript constitutes an invited method protocol in which we provide a step by step 
description on how ancestral protein-protein interaction patterns can be inferred based on a set of 
known protein interactions. We provide links to suitable protein-protein interaction databases, 
programs for sequence alignments and phylogeny reconstructions and discuss difficulties and 
possible pitfalls during the process of ancestral character state reconstruction. 
 
Author contributions: 
Rainer Melzer and Florian Rümpler wrote the manuscript. Günter Theißen contributed to 
improving the manuscript. 
 
Overall contribution of Florian Rümpler: 50 % 
 
 I hereby certify the accuracy of the statements on the contributions of the authors. 
 
 
 Prof. Günter Theißen  
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Manuscript III 
Rümpler, F., Gramzow, L., Theißen, G., Melzer, R. (2015). Did convergent protein evolution 
enable phytoplasmas to generate 'zombie plants'? Trends Plant Sci. 20, 798-806. 
 
In this opinion article we present preliminary evidence that the phytoplasma effector protein 
SAP54 is able to specifically target certain MIKCC-type MADS-TFs because it folds into a 
structure similar to that of the K-domain. We hypothesize that SAP54 underwent convergent 
sequence and structural evolution to mimic the protein-protein interaction domain of its target 
proteins. Furthermore we discuss possible origins of SAP54 and outline the potential of 
SAP54-like proteins to serve as a molecular tool to study flower development in genetically 
intractable plant species. 
 
Author contributions: 
Florian Rümpler performed the structural predictions, sequence similarity analyses and remote 
homology searches. Lydia Gramzow introduced Florian Rümpler to remote homology search 
methods. Günter Theißen initiated the project, developed its major hypothesis and together with 
Rainer Melzer supervised the project. Rainer Melzer and Florian Rümpler wrote the manuscript. 
Günter Theißen and Lydia Gramzow contributed to improving the manuscript. 
 
Overall contribution of Florian Rümpler: 65 % 
 
 I hereby certify the accuracy of the statements on the contributions of the authors. 
 
 
 Prof. Günter Theißen  
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Manuscript IV 
Theißen, G., Melzer, R., Rümpler, F. (2016). MADS-domain transcription factors and the floral 
quartet model of flower development: linking plant development and evolution. Development 
143, 3259-3271. 
 
In this review article we give a short historical overview of the findings that led towards the 
development of the floral quartet model, review experimental evidences supporting it and give 
examples of how this model is used as basis for current research. Furthermore we discuss the 
direct linkage between K-domain emergence and the origin of floral quartet-like complexes. We 
point out that the emergence of the K-domain probably was an important preadaptation to the 
transition to land and that evolutionary changes of the tetramerization behavior of certain 
MIKCC-type MADS-TFs may have played an essential role for the origin and evolution of the 
flower. 
 
Author contributions: 
Günter Theißen conceptualized the structure of the review and wrote most parts of the 
manuscript. Rainer Melzer wrote the text for text box 3 (‘FQCs: beyond floral organ identity’) 
and text box 4 (‘Why quartets?’). Florian Rümpler wrote the paragraph ‘On the origin of FQCs: a 
MIKC blessing’ and prepared the manuscript figures. All authors contributed to improving the 
manuscript. 
 
Overall contribution of Florian Rümpler: 20 % 
 
 I hereby certify the accuracy of the statements on the contributions of the authors. 
 
 
 Prof. Günter Theißen 
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Manuscript V 
Rümpler, F., Theißen, G., Melzer, R. (2017). Sequence features of MADS-domain proteins that 
act as hubs in the protein-protein interaction network controlling flower development. 
bioRxiv,125294. 
 
In this research article we demonstrate that leucine residues at intra- and intermolecular 
interaction interfaces within the K-domain are essential mediators of floral quartet-like complex 
formation of SEP3. SEP-subfamily proteins, which bear a hub-function within the PPI network 
controlling flower development, display an exceedingly high conservation of the identified 
leucine residues, whereas non-hub MADS-TFs exhibit preferences for other amino acids at 
homologous sites. In domain substitution experiments we could show that some of the leucine 
residues are not only essential but also sufficient for protein tetramerization. We hypothesize that 
the highly conserved leucine residues allow SEP-subfamily proteins to function as hubs and 
thereby contributed significantly to the present-day scale-free structure of the PPI network 
controlling flower development. 
 
Author contributions: 
Rainer Melzer and Günter Theißen initiated designed and supervised the project. Florian Rümpler 
created the substitution mutants of SEP3, performed the EMSA experiments, compiled the 
sequence collection and performed the in silico analyses. The cloning of most substitution 
mutants and some EMSA experiments had already been performed in the context of the diploma 
thesis of Florian Rümpler and are therefore not considered as contribution to this dissertation. 
Rainer Melzer and Florian Rümpler wrote the manuscript. Günter Theißen contributed to 
improving the manuscript.  
 
Overall contribution of Florian Rümpler: 75 % 
Overall contribution of Florian Rümpler during PhD period: 55 % 
 
 I hereby certify the accuracy of the statements on the contributions of the authors. 
 
 
 Prof. Günter Theißen  
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2.2 Manuscript I 
 
Melzer, R., Härter, A., Rümpler, F., Kim, S., Soltis, P. S., Soltis, D. E., Theißen, G. (2014). DEF- 
and GLO-like proteins may have lost most of their interaction partners during angiosperm 
evolution. Ann. Bot. 114, 1431-1443. 
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†Background and Aims DEFICIENS (DEF)- and GLOBOSA (GLO)-like proteins constitute two sister clades of
ﬂoral homeotic transcription factors that were already present in the most recent common ancestor (MRCA) of
extant angiosperms. Together they specify the identity of petals and stamens in ﬂowering plants. In core eudicots,
DEF- and GLO-like proteins are functional in the cell only as heterodimers with each other. There is evidence that
this obligate heterodimerization contributed to the canalization of the ﬂower structure of core eudicots during evo-
lution. It remains unknown as towhether this strict heterodimerization is an ancient feature that can be traced back to
the MRCA of extant ﬂowering plants or if it evolved later during the evolution of the crown group angiosperms.
†Methods The interactions of DEF- and GLO-like proteins of the early-diverging angiosperms Amborella tricho-
poda and Nuphar advena and of the magnoliid Liriodendron tulipifera were analysed by employing yeast two-
hybrid analysis and electrophoretic mobility shift assay (EMSA). Character-state reconstruction, including data
from other species as well, was used to infer the ancestral interaction patterns of DEF- and GLO-like proteins.
†KeyResults The yeast two-hybrid and EMSA data suggest that DEF- and GLO-like proteins from early-diverging
angiosperms both homo- and heterodimerize. Character-state reconstruction suggests that the ability to form hetero-
dimeric complexes already existed in the MRCA of extant angiosperms and that this property remained highly con-
served throughout angiosperm evolution. Homodimerization of DEF- and GLO-like proteins also existed in the
MRCA of all extant angiosperms. DEF-like protein homodimerization was probably lost very early in angiosperm
evolution and was not present in the MRCA of eudicots and monocots. GLO-like protein homodimerization
might have been lost later during evolution, but very probably was not present in the MRCA of eudicots.
†ConclusionsThe ﬂexibility ofDEF- andGLO-like protein interactions in early-diverging angiospermsmay be one
reason for the highly diverse ﬂower morphologies observed in these species. The results strengthen the hypothesis
that a reduction in the number of interaction partners of DEF- and GLO-like proteins, with DEF–GLO heterodimers
remaining the only DNA-binding dimers in core eudicots, contributed to developmental robustness, canalization of
ﬂower development and the diversiﬁcation of angiosperms.
Key words: Flower development, DEFICIENS, GLOBOSA, APETALA3, PISTILLATA, protein–protein
interaction, yeast two-hybrid, EMSA, character-state evolution, MADS-domain protein, ﬂoral homeotic gene,
early-diverging angiosperms, basal angiosperms.
INTRODUCTION
Depending on their partner proteins, transcription factors
mayaffect the regulation of certain genes or developmental path-
ways in very different ways. MIKC-type MADS-domain pro-
teins are a good case in point. In higher eudicots, virtually all
MIKC-type MADS-domain proteins constitute dimers with
several different partners (Immink et al., 2003; de Folter et al.,
2005; Leseberg et al., 2008). These dimers bind to cis-regulatory
DNA elements termed CArG-boxes [consensus 5′-CC(A/T)6
GG-3′]. Combinatorial dimer formation is assumed to be of
vital importance for the ability of MADS-domain proteins to
regulate a plethora of developmental processes (de Folter et al.,
2005; Kaufmann et al., 2005, 2010). For example, the ﬂoral
homeotic protein SEPALLAT3 (SEP3) from Arabidopsis thali-
anamay interactwithAPETALA1(AP1), anotherﬂoral homeotic
protein, to control ﬂoral meristem identity (Gregis et al., 2009).
Later duringdevelopment, SEP3 interactswith theﬂoral homeotic
protein AGAMOUS (AG) to determine carpel identity and, even
later, SEP3 forms complexes with SHATTERPROOF1 and
SHATTERPROOF2 to control ovule development (de Folter
et al., 2005; Immink et al., 2009).
Althoughcombinatorialdimer formationemergesasacommon
property among MIKC-type MADS-domain proteins, the sub-
family of DEFICIENS (DEF)- and GLOBOSA (GLO)-like pro-
teins [also known as APETALA3 (AP3)- and PISTILLATA
(PI)-like proteins, respectively] constitutes a remarkable excep-
tion from this rule. DEF- and GLO-like transcription factors are
# The Author 2014. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
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highly conserved homeotic selector proteins that determine petal
and stamen identity in probably all angiosperms (Kim et al.,
2005; Zahn et al., 2005b; Litt and Kramer, 2010). In almost all
core eudicots, DEF- and GLO-like proteins form DNA-binding
dimers exclusively with each other, and do not form homodimers
orDNA-bindingheterodimerswithotherMADS-domainproteins
(Riechmann et al., 1996a; Leseberg et al., 2008; Liu et al., 2010).
This strict (or obligate) DEF–GLO heterodimerization is accom-
panied bya positive autoregulatory feedback loop inwhichDEF–
GLO heterodimers foster the expression of their own transcripts
(Schwarz-Sommer et al., 1992; Goto and Meyerowitz, 1994;
McGonigle et al., 1996; Lenser et al., 2009). After the initial acti-
vation ofDEF- andGLO-like genes (by factors that are not further
considered here), there is an interdependence of DEF- and
GLO-like protein expression in core eudicots; only if both of the
partner proteins are expressed is the heterodimer formed and can
in turn activate DEF- and GLO-like genes (Schwarz-Sommer
et al., 1992; Goto and Meyerowitz, 1994).
DEF- and GLO-like proteins of core eudicots are usually
expressed in the second and third whorl of the ﬂower, in the prim-
ordia of which petals and stamens develop (for reviews, see Zahn
et al., 2005b; Theißen andMelzer, 2007; Litt and Kramer, 2010).
The interdependence in expression of DEF- and GLO-like pro-
teins stabilizes this expression pattern; the misexpression of
either a DEF- or a GLO-like protein alone would remain without
consequences for ﬂoral organ identity as the appropriate partner
would bemissing (Winter et al., 2002b). It has therefore been pro-
posed that the strict heterodimerization in conjunction with posi-
tive feedback regulation enhances developmental robustness of
ﬂoral organ identity speciﬁcation and contributed to the standard-
ization of the ﬂoral structure (Winter et al., 2002b; Lenser et al.,
2009). This raises the question as towhen during evolution hetero-
dimerization between DEF- and GLO-like proteins was estab-
lished. DEF- and GLO-like genes originated by duplication in a
common ancestor of all extant angiosperms (Kim et al., 2004).
Extant gymnosperms, the closest living relatives of angiosperms,
possess gene subfamilies (GGM2- and DAL12- and CJMADS1-
like genes) that are ancestral to both DEF- and GLO-like genes
(Winteret al., 2002a),whereas the sister to all other extant angios-
perms, Amborella trichopoda, has both DEF- and GLO-like
genes, indicating that the duplication that generated DEF- and
GLO-like genes occurred in the lineage that led to extant angios-
perms after the lineage that led to extant gymnosperms had
already branched off (Aoki et al., 2004; Kim et al., 2004). In con-
trast to many angiosperm DEF- and GLO-like proteins, gymno-
sperm GGM2-like proteins form homodimers (Sundstro¨m and
Engstro¨m, 2002; Winter et al., 2002b). It appears likely therefore
that the heterodimerization between DEF- and GLO-like proteins
originated from a homodimerizing ancestor (Winter et al., 2002b).
To understand better howDEF- andGLO-like proteins evolved
towards the strictly heterodimerizing proteins in core eudicots,
analysis of the orthologous proteins from early-diverging angios-
perms is required. Here, we analyse the interaction of DEF- and
GLO-like proteins from the early-diverging angiosperms
A. trichopoda and Nuphar advena as well as from the magnoliid
Liriodendron tulipifera. These branched off successively very
early during angiosperm evolution, thus forming a grade in the
phylogenetic tree (Fig. 1) (APG III, 2009). Our data suggest that
DEF-like and GLO-like proteins from early diverging angios-
perms heterodimerize with each other but also have the ability
to homodimerize as well as to interact weakly with a number of
other MADS-domain proteins. Character-state reconstruction
revealed that DEF- and GLO-like proteins possessed the ability
to form heterodimeric complexes with each other in the most
recent common ancestor (MRCA) of extant angiosperms and
that this property remained highly conserved throughout angio-
sperm evolution. In contrast, homodimerization and interactions
with proteins fromother subfamilies appearmuch less conserved.
MATERIALS AND METHODS
Plant material
Flower buds from Liriodendron tulipifera were collected in the
Park an der Ilm, Weimar, Germany. Flower buds of Nuphar
advena were collected in the Old Botanical Garden of
Go¨ttingen, Germany.Male ﬂower buds ofAmborella trichopoda
were collected in theBotanicalGardenBonn,Germany.The col-
lected material was placed immediately into liquid nitrogen and
stored at –80 8C until further use.
cDNA sequences used in this study
Partial coding sequences of LtAP3, LtPI, Nu.ad.AP3.1,
Nu.ad.AP3.2 and Nu.ad.AGL2 have been published previously
(Kramer et al., 1998; Kim et al., 2005; Zahn et al., 2005a).
Full-length coding sequences of these cDNAs were obtained
using 5′-RACE (rapid ampliﬁcation of cDNA ends). The
partial coding sequence of AMtrAGL9 (Zahn et al., 2005a) was
completed by alignment with an expressed sequence tag (EST)
sequence (FD432914.1). The predicted transcript was subse-
quently PCR ampliﬁed.
LtPI2 was isolated using 3′- and 5′-RACE. Nu.ad.PI1 and
Nu.ad.AGL6.1 were derived from ESTs. Nu.ad.PI2 and
Nu.ad.AGL6.2 were isolated by PCR with primers derived from
Nu.ad.PI1 and Nu.ad.AGL6.1, respectively. Nu.ad.AGL6.1 is,
except for three nucleotide differences, identical to a previously
published AGL6-like sequence from N. advena (accession no.
GU048649) (Kim et al., 2013).
The AmAP3 and AmPI cDNA sequences used here are very
similaror identical toAm.tr.AP3.1 andAm.tr.PI1,whichwere re-
cently reported (Amborella Genome Project, 2013)
For a complete list of cDNA sequences used, see
Supplementary Data Table S1. Protein and gene names as
Gymnosperms
Amborellales (Amborella trichopoda)
Nymphaeales (Nuphar advena)
Magnoliids (Liriodendron tulipifera)
Monocots
Early-diverging Eudicots
Core Eudicots
Early-diverging
Angiosperms
FIG. 1. Simpliﬁedseedplant phylogeny.Thephylogeny ismainlybasedon ana-
lyses of the angiospermphylogenygroup (APG III, 2009). The phylogenetic pos-
ition of A.trichopoda, N. advena and L. tulipifera is indicated. Major groups of
seed plants are highlighted in different colours.
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assigned inprevious publicationswere used throughout themanu-
script.
cDNAsequences used for yeast two-hybrid and electrophoret-
ic mobility shift assay (EMSA) experiments were provided by
the Floral Genome Project (http://fgp.bio.psu.edu/) or by
Seishiro Aoki (University of Tokyo), or were synthesized from
RNA. For RNA isolation from L. tulipifera, total RNA isolation
reagent (Biomol) was used. RNA from N. advenawas extracted
with the RNeasy Plant Mini Kit. For RNA extraction from
A. trichopoda, we used acombination of aCTAB (cetyltrimethy-
lammonium bromide) DNA extraction method and the RNeasy
Plant Mini Kit (Kim et al., 2004). cDNA was synthesized
using an oligo(dT) primer with MuLV reverse transcriptase.
Foryeast two-hybridexperiments, full-lengthcDNAsequences
were cloned into pGADT7 and pGBKT7. Full-length and
C-terminal deleted cDNA sequences were cloned into pSPUTK
for EMSA experiments. Nu.ad.PI2 was ampliﬁed with primers
originally designed to amplify Nu.ad.PI1. As the primers used
for ampliﬁcation covered part of the coding sequence, the
C-terminal end as well as the beginning of the MADS-domain
were identical in the Nu.ad.PI1 and Nu.ad.PI2 clones used for
EMSA and yeast two-hybrid analyses. This identity also applies
to Nu.ad.AGL6.1 and Nu.ad.AGL6.2.
Yeast two-hybrid studies
Yeast two-hybrid assays were carried out essentially as
described (Wang et al., 2010). For assaying an interaction,
similar amounts of yeast cells were dissolved in water and
10-fold serially diluted up to 1:10 000 in water. Afterwards,
the diluted yeast cells were spotted on selective medium
lacking histidine, leucine and tryptophan containing 3 mM
3-amino-1,2,4-triazole. The plates were incubated for up to 14
dat 22 8C.All interactionswere testedwith at least two independ-
ent matings.
Electrophoretic mobility shift assay
The EMSA experiments were conducted essentially as
described (Melzer et al., 2009). Proteins were produced by
in vitro translation using the SP6 TNT Quick Coupled
Transcription/Translation mix (Promega). After in vitro transla-
tion, proteins were shock frozen in liquid nitrogen and stored at
–80 8C until use.
cDNAsequences of theC-terminal deleted constructs used are
listed in Supplementary Data Table S2.
The sequence of theDNA probe usedwas 5′-CGTTCCATAC
TTTCC TTATT TGGAA TATAA TTAAA TTTCG-3′ (the
CArG-box is underlined). The concentration of the labelled
DNA probe was generally approx. 3 nM. Usually 4 mL of
in vitro translated protein were used per binding reaction.
Phylogenetic analysis and ancestral character-state
reconstructions
Phylogenetic trees for DEF- and GLO-like genes shown in
Figs 5 and 6, and in Supplementary Data Figs S5, S6, S9–S12
were drawn manually according to the APG III (2009) tree top-
ologywith the followingmodiﬁcations.Gymnospermsequences
of Gnetum gnemon and Picea abies were included as outgroup
representatives. Gymnosperm branching was implemented as
described (Winter et al., 2002b). Branching of the DEF-like
genes within Asparagales was based on Mondragon-Palomino
et al. (2009). The TM6/euAP3 split was arranged according to
phylogenies in Hernandez-Hernandez et al. (2007) and Lee
and Irish (2011). The GLO1/GLO2 split within the core lamiids
was arranged according to Lee and Irish (2011).
Inaddition to the species-basedphylogenydescribedabove, an-
cestral character-state reconstruction was also done with phylo-
genetic trees inferred from the DEF- and GLO-like sequences
under study (Supplementary Data Figs S1–S4, S7, S8). cDNA
sequences used for this were either obtained in this study or
downloaded from the NCBI nucleotide collection (http://
www.ncbi.nlm.nih.gov/nuccore). To create a codon alignment,
all cDNA sequences were ﬁrst translated to amino acid sequences
using ExPASy Translate (http://web.expasy.org/translate/). The
amino acid sequences were aligned with MAFFT 7 applying the
E-INS-i strategy (Katoh andStandley, 2013).Using the respective
cDNA sequences, the resulting amino acid alignment was con-
verted into a codon alignment with RevTrans 1.4 (http://
www.cbs.dtu.dk/services/RevTrans/). The quality of the codon
alignment was examined in Seaview 4 (Gouy et al., 2010).
Phylogenetic trees were calculated using the Bayesian inference
method in MrBayes 3 (Ronquist and Huelsenbeck, 2003).
Because of high sequence diversity that led to uncertain
alignments of the C-terminal domain, only MADS-, I- and
K-domainswere considered for the calculation of the phylogenet-
ic trees. The analyseswere run for 4 000 000 generations applying
the 4by4 nucleotide model. The ﬁrst 25% of the calculated trees
were discarded. Gymnosperm relatives of DEF- and GLO-like
genes were deﬁned as the outgroup.
The interactiondataused for the ancestral character-state recon-
struction were based on yeast two-hybrid studies and EMSAs
either obtained in this study or published previously. A complete
list of publications from which interaction data were extracted
can be found in Supplementary Data Table S3. All proteins
included in the ancestral-state reconstruction were analysed
for their homodimerization ability and their ability to form
heterodimers with the respective DEF- or GLO-like partner
proteins, as well as with proteins from a clade consisting of
AGAMOUS-LIKE6-like (AGL6-like), LOFSEP- and SEP3-
like proteins (AGL6/LOFSEP/SEP3 clade) (Malcomber and
Kellogg, 2005; Zahn et al., 2005a; Kim et al., 2013). A DEF- or
GLO-like protein was deﬁned as ‘interacting’ with the other sub-
family if interaction with at least one member of the other clade
was detected, and as ‘non-interacting’ if noneof the tested interac-
tions showed a positive result. In general, these rules were also
applied for interactions of DEF- and GLO-like proteins with
AGL6/LOFSEP/SEP3-like proteins. However, in these cases, to
bedesignatedas ‘not interacting’,we required aprotein tobenega-
tively testedwithmembersofat least twoof the three sub-cladesof
AGL6/LOFSEP/SEP3-like proteins. This constraint was incorpo-
rated tominimize the risk of including false negatives. If different
publicationsormethodsyieldedcontradictory interactiondata, the
proteinwas deﬁned as ‘interacting’ if at least one studyshowed the
respective interaction.
The ancestral character-state reconstructions were performed
in Mesquite 2.75 (Maddison and Maddison, 2011) following a
maximum likelihood approach with a Markov one-parameter
model (i.e. rates for gains and losses of interactions are identical).
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We used the one-parameter model as this is usually preferred
over a two-parameter model (in which different rates for gains
vs. losses are allowed) for medium-sized data sets like those
used here (Mooers and Schluter, 1999). Asymmetry likelihood
ratio tests as implemented inMesquite 2.75 also favoured a one-
parameter model over a two-parameter model for themajority of
the data sets (P . 0.05). For the trees drawn manually and con-
strained to the species phylogeny, a branch length of onewas uni-
formly assigned. For the trees based on the gene phylogeny,
branch lengths as obtained from the phylogenetic reconstruc-
tions were taken.
Alignments and phylogenetic trees have been deposited at
TreeBASE (http://purl.org/phylo/treebase/phylows/study/TB2:
S15503).
RESULTS
Interactions among MADS-domain proteins from early-diverging
angiosperms
To investigate protein–protein interactions of MADS-domain
proteins from A. trichopoda, N. advena and L. tulipifera, a
GAL-4-based yeast two-hybrid system was employed. DEF-
andGLO-like proteins fromeach specieswere tested bidirection-
ally (i.e. proteins were tested as fusions with the GAL4
DNA-binding domain aswell aswith theGAL4 transcription ac-
tivation domain) in an ‘all against all’ fashion. Orthologues of
other ﬂoral homeotic proteins were also tested for comparison.
In addition to the yeast two-hybrid assays, EMSAs were con-
ducted to characterize further the interactions between the
MADS-domain proteins and to study their DNA-binding abil-
ities. MADS-domain proteins are well known to bind as dimers
to CArG-boxes (Schwarz-Sommer et al., 1992; Huang et al.,
1996; Riechmann et al., 1996b). Using a CArG-box derived
from the regulatory intron of AG from A. thaliana, we assayed
the formation of protein–DNA complexes. In EMSAs, the for-
mation of heteromeric protein complexes bound to DNAwas in-
ferred when the co-incubation of two different proteins with the
DNA probe yielded a complex with an electrophoretic mobility
different from that of the respective homomeric complexes
(Huang et al., 1996; Melzer et al., 2009; Wang et al., 2010). If
the homomeric complexes possessed similar electrophoretic
mobilities, C-terminal deleted versions of one of the proteins
were used to distinguish a homomeric from a heteromeric
complex, as described previously (Wang et al., 2010).
From all three species, DEF-, GLO- and LOFSEP- or SEP3-like
proteinswereassayedusingyeast two-hybridanalysesandEMSAs.
From A. trichopoda and N. advena, AGL6- and AG-like proteins
were also analysed. The results for A. trichopoda are shown in
Figs 2 and 3, and those for N. advena and L. tulipifera in
Supplementary Data Figs S13–S15. Results are summarized for
all species analysed in Fig. 4. Homomeric interactions were
detected in only a few instances in yeast two-hybrid assays. This
is in contrast to the EMSA results, according to which probably
all of the proteins except Nu.ad.AP3.2 formed homomeric com-
plexes bound to DNA, although homomeric AmAP3 and
Nu.ad.AP3.1 protein–DNA complexes were only very weakly
and not consistently detected (Figs 2–4). With respect to hetero-
meric complexes, extensive interactions between LOFSEP-,
SEP3-, AGL6- and AG-like proteins were detected. At least in
EMSAs, but in many cases also in yeast two-hybrid assays,
LOFSEP-, SEP3-, AGL6- and AG-like proteins interacted in all
tested combinations with each other (Fig. 4). Also DEF- and
GLO-like proteins reliably formed DNA-binding heterodimers
with each other (Figs 3 and 4). This was in stark contrast to interac-
tions of DEF- and GLO-like proteins with proteins from the
LOFSEP-, SEP3-,AGL6- orAG-like clade. In these cases, interac-
tions were often undetectable, were detected only in either yeast
two-hybrid assays or EMSAs and/or were soweak that reliable de-
tectionwasdifﬁcult (Fig. 4). Forexample, the interactions thatwere
very weakly and/or not consistently observed in EMSAs all
involved at least one DEF-like or one GLO-like protein (Fig. 4).
In some cases, co-translation of two proteins failed to detect
one of the corresponding homomeric complexes but also failed
to yield a strong heteromeric complex (compare AMtrAGL9
and AMtrAGL9/AmAP3DC, in Fig. 3, for example). We do
not have a satisfactory explanation for this observation.
However, it could be that heteromeric complexes that either
DEF-like GLO-like AG-like AGL6-like LOFSEP-like SEP3-like
D 
AmAP3 AmPI Am.tr.AG Am.tr.AGL6 AMtrAGL2 AMtrAGL9 
AmAP3 
AmPI 
Am.tr.AG 
Am.tr.AGL6 
AMtrAGL2 
AMtrAGL9 
D
pGBKT7  
pGADT7
FIG. 2. Representative yeast two-hybrid results for MADS-domain proteins from A. trichopoda. Photographs show colony growth on selective –Leu/–Trp/–His
media with yeasts grown at 22 8C. For each interaction tested, yeast cells were spotted in a 10-fold serial dilution (from left to right). Proteins that were expressed
as fusions with the GAL4 DNA-binding domain (vector pGBKT7) are shown horizontally; proteins expressed as GAL4 activation domain fusions (vector
pGADT7) are shown vertically. D indicates negative controls in which empty vectors that did not contain a MADS-box gene cDNA insert were used.
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FIG. 3. EMSAresults forMADS-domainproteins fromA. trichopoda. Invitro translatedproteinswere incubated togetherwitha radioactively labelledDNAprobewhich
carried one CArG-box. Proteins applied are noted above the gel. ‘DC’ is used to indicate C-terminal deleted proteins. Triangles highlight homomeric DNA-bound com-
plexes; squareshighlight heteromericDNA-boundcomplexes.FreeDNAis seen at the bottomof the gels.Homomeric complexeswere not alwaysvisiblewhenheteromer
formationwas tested, possiblybecause the vastmajorityofproteinwas assembled intoDNA-boundheteromeric complexes (AmAP3DC/AmPI, forexample) or inhetero-
meric complexes not oronly veryweaklybinding toDNA (AMtrAGL9/AmAP3DC, forexample).Note that certain potential heteromeric complexeswere veryweak and
sometimes difﬁcult to distinguish from homomeric complexes (AMtrAGL2/AmAP3DC, for example). For unknown reasons, the homomeric AmAP3–DNA complex
possessed an unsusually high electrophoreticmobility and some proteins (Am.tr.AG, for example) formed two distinct protein–DNAcomplexes even in the absence of a
partner. ‘D’ indicates negative controls in which in vitro translation lysate programmedwith a vector that did not contain a cDNA insert was added. ‘M’ denotes lanes in
which a radioactively labelled DNAmarker (NEB 100 bp DNA ladder) was applied (bp¼ base pairs).
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did not bind or only weakly bound to DNAwere reconstituted in
these cases. Furthermore, the protein–DNAcomplexes reconsti-
tuted in EMSAs span a considerable range of electrophoretic
mobilities (compare homomeric AmAP3 with homomeric
AmAG complexes in Fig. 3, for example), although the molecu-
lar masses and charges of the proteins are very similar. It is
unclear whether the different mobilities resulted from different
conformations of the proteins or of the protein–DNAcomplexes
or from differences in the stoichiometry of binding.
Reconstruction of the ancestral DEF- and GLO-like protein
interaction behaviour
Interaction patterns among DEF- and GLO-like proteins have
previously been determined for several monocot and eudicot
species (Davies et al., 1996; Riechmann et al., 1996a; Winter
et al., 2002b; Immink et al., 2003; Kanno et al., 2003; Yang
et al., 2003; Vandenbussche et al., 2004; Whipple et al., 2004;
Kramer et al., 2007; Yao et al., 2008; Liu et al., 2010, to
mention but a few). Using published data along with the newly
identiﬁed interactions fromearly-divergingangiospermsobtained
in this study,we aimed at understanding the trajectories of interac-
tionsofDEF- andGLO-likeproteins during angiospermevolution
employing character-state reconstruction. The EMSA and yeast
two-hybrid data were combined for these analyses. Character-
state reconstruction was conducted using (1) a phylogenetic tree
drawn manually according to the species phylogeny as reported
by APG III (Fig. 1) (APG III, 2009) and (2) phylogenetic trees
based on the phylogenetic relationships among the genes. Tree
topologieswere similar for the two approaches, and the character-
state reconstructionsyieldedessentially the same results (compare
Figs 5, 6 and Supplementary Data Figs S5, S6 with Figs S1–S4,
S7, S8). Interestingly, almost all of the DEF- and GLO-like pro-
teins assayed so far are capable of interacting with a partner from
the other subfamily, i.e. of forming DEF–GLO-like protein com-
plexes (Figs 5 and 6; Supplementary Data Figs S1, S3). This
result strongly indicates that heterodimerization between DEF-
andGLO-like proteinswas established at the base of extant angios-
permsandremainedhighlyconserved throughoutangiospermevo-
lution (Figs 5 and 6).
Several DEF-like and GLO-like proteins not only constitute
DEF–GLO heterodimers but also possess the ability to homodi-
merize (Winteret al., 2002a; Liu et al., 2010). Character-state re-
construction suggests that homodimerization of both DEF- and
GLO-like proteins was probably present in the MRCA of
extant angiosperms (Figs 5 and 6). The analyses further
suggest that homodimerization of DEF-like proteins was lost
relatively early during angiosperm evolution and regained in
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FIG. 4. Summary of the interaction patterns of MADS-domain proteins from (A) N. advena, (B) A. trichopoda and (C) L. tulipifera. Yeast two-hybrid interactions
were scored as strong if yeast growthwas observed in all dilutions in at least one direction, andweak if yeast growthwas observed but not in all dilutions tested. EMSA
resultsweredesignatedas strong if aprotein–DNAcomplexwas reliablyobserved, andasweak if aprotein–DNAcomplexwasnot reproduciblyobserved, and/or if the
protein–DNA complex was detected as a faint band only (that was sometimes difﬁcult to distinguish from homomeric complexes).
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FIG. 5. Ancestral character-state reconstruction for the ability of DEF-like proteins to form homo- and heterodimeric complexes. Trees are in general based on the
APG III phylogeny as described in the Materials and Methods. The tree on the left depicts character-state reconstruction for the homodimerization capability of
Melzer et al. — DEF- and GLO-like proteins and angiosperm evolution 1437
several eudicot andmonocot lineages (Fig. 5).Character-state re-
construction using the gene phylogeny of DEF-like sequences
indicates that DEF-like protein homodimerization was lost inde-
pendently in eudicots and monocots. However, this result can
very probably be attributed to the unsusual placement of magno-
liidDEF-like genes as being closely related to eudicotDEF-like
genes (Supplementary Data Fig. S2).
For GLO-like proteins, the situation was slightly different;
GLO-like protein homodimerization prevails in the extantmono-
cots analysed, although it is not clear whether homodimerization
was preserved at the base of the monocots or lost and
re-established later during monocot evolution (Fig. 6;
Supplementary Data Fig. S4). In contrast, only a very limited
number of eudicot species possess homodimerizing GLO-like
proteins (Fig. 6; Supplementary Data Fig. S4), strongly indicat-
ing that theMRCAof eudicots did not possess a homodimerizing
GLO-like protein.
We also conducted character-state reconstructions for interac-
tions ofDEF- andGLO-like proteinswith proteins from the clade
of AGL6/LOFSEP/SEP3-like proteins (Supplementary Data
Figs S5–S8). These analyses were included because DEF- and
GLO-like proteins act in tetrameric complexes with AGL6/
LOFSEP/SEP3-like proteins to determine petal and stamen iden-
tity (Theißen, 2001; Theißen and Saedler, 2001; Wang et al.,
2010). Interactions of DEF-like as well as of GLO-like proteins
with AGL6/LOFSEP/SEP3-like proteins appear to be relatively
scattered across the angiosperm phylogeny. For example, about
half of the eudicot DEF-like proteins analysed interact with at
least one AGL6/LOFSEP/SEP3-like protein (Supplementary
Data Figs S5, S7). However, the pattern emerges that DEF–
AGL6/LOFSEP/SEP3 as well as GLO–AGL6/LOFSEP/SEP3
interactions were already present early in angiosperm evolution.
Also theMRCAofDEF- andGLO-like proteins at the base of the
seed plants probably already possessed the respective interaction
(Supplementary Data Figs S5–S8).
For the above-described character-state reconstruction, pro-
teins were designated as interacting when a positive result had
been reported either from yeast two-hybrid assays or from
EMSAs. For 15DEF-like and 12GLO-like proteins fromangios-
perms, homodimerizationdata fromboth techniques (EMSAand
yeast two-hybrid assays) were available (Supplementary Data
Figs S9, S11). Of these 27 cases, 16 yielded identical results in
yeast two-hybrid assays andEMSAswith respect to homodimer-
ization (i.e. proteins did or did not form homodimers in both
assays). For nine interactions, homodimerization was detected
in EMSAs but not in yeast two-hybrid assays. The converse
case, i.e. detection of homodimerization in yeast two-hybrid
assays but not in EMSAs, was observed only for two proteins
(SupplementaryData Figs S9, S11). In contrast, heterodimeriza-
tion among DEF- and GLO-like proteins was, with one excep-
tion, consistently observed in EMSAs as well as yeast
two-hybrid assays (Supplementary Data Figs S10, S12). This
conﬁrms previous observations that homodimerization, in par-
ticular of MADS-domain proteins, is more readily detected in
EMSAs than in yeast two-hybrid assays (Wang et al., 2010).
To account for the different results that these techniques
yielded, ancestral character-state reconstruction for homo- and
heterodimerization of DEF- and GLO-like proteins was con-
ducted separately for data sets based on yeast two-hybrid
and EMSA results (Supplementary Data Figs S9–S12).
Heterodimerization between DEF- and GLO-like proteins was
inferred to be ancestral and highly conserved for all data sets
(Supplementary Figs S10, S12). Also homodimerization was
still inferred to be ancestral for DEF- and GLO-like proteins
from ﬂowering plants when only EMSA data were considered.
In contrast, when only yeast two-hybrid data were taken into
account, homodimerization was inferred to be absent in the
MRCA of extant ﬂowering plants.
DISCUSSION
Conservation of the MADS-domain protein interaction pattern
during angiosperm evolution
In core eudicots andmonocots, certain dimers ofMADS-domain
proteins are involved in ﬂoral organ speciﬁcation. Dimers of
DEF- and GLO-like proteins function in petal and stamen speci-
ﬁcation, anddimers of anAGL6/LOFSEP/SEP3-like protein and
an AG-like protein are involved in stamen and carpel develop-
ment (Schwarz-Sommer et al., 1992; Huang et al., 1996;
Riechmann et al., 1996a; Theißen, 2001; de Folter et al., 2005;
Rijpkema et al., 2009; Thompson et al., 2009; Liu et al.,
2010). Comparison of the interaction patterns obtained from
A. trichopoda, N. advena and L. tulipifera with those from
model eudicots and monocots (i.e. A. thaliana, Petunia
hybrida and Oryza sativa) revealed that these heterodimeric
interactions important for organ speciﬁcation in derived angios-
perms are also detected in early diverging angiosperms (Fig. 7),
pointing towardsahighdegreeofconservationof these interactions
during ﬂowering plant evolution. Recently published yeast
two-hybrid data from A. trichopoda (Amborella Genome
Project, 2013) largely agree with the interactions reported here.
However, we detected some additional interactions (AMtrAGL9/
AMtrAGL2, for example), probably because we used milder
assay conditions (e.g. growing yeast cells at 22 8C instead of
using higher temperatures).
Our data suggest that the interactions governing ﬂower devel-
opment in core eudicots were already established at the base of
extant angiosperms and remained highly conserved since then.
Speciﬁcally, our results indicate that the heterodimerization
between DEF-like and GLO-like proteins was already present
in the MRCA of extant angiosperms and was virtually never
rewired. Alternative scenarios in which heterodimerization
betweenDEF- andGLO-like proteins was established independ-
ently in eudicots andmonocotswould invokemultiple losses and
gains of DEF–GLO heterodimerization and therefore appear
less likely.
DEF-likeproteins.The tree on the righthas the same topologyas the treeon the left but showscharacter-state reconstruction forheterodimerizationofDEF-likeproteins
with GLO-like proteins. Yellow circles at the terminal positions indicate the presence of an interaction, and black circles indicate the absence of an interaction. Grey
circles indicate that interactiondata are not available for that particular protein.The likelihoodof an interaction at internal nodes is indicatedbypie charts. Proteins from
different plant groups are highlighted in colours as in Fig. 1. Colour coding is as follows: gymnosperms, orange; early-diverging angiosperms, red;magnoliids, purple;
monocots, blue; early-diverging eudicots, dark green; core eudicots, light green
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We observed only three DEF-like (OMADS5 and OMADS9
from Oncidium ‘Gower Ramsey’ and Ls-AP3 from Lacandonia
schismatica) (Alvarez-Buylla et al., 2010; Chang et al., 2010)
and two GLO-like proteins (PapsPI-2 from Papaver somniferum
and Ls-PI from L. schismatica) (Drea et al., 2007; Alvarez-
Buylla et al., 2010) for which heterodimerization with a partner
from the other subfamily was not detected (Figs 5 and 6).
However, inO. ‘Gower Ramsey’ and P. somniferum, at least one
additional DEF- or GLO-like protein exists that can constitute a
DEF–GLO heterodimer and thus may compensate for the loss
of heterodimerization in the respective paralogue. In contrast,
Ls-AP3 and Ls-PI are the only DEF- and GLO orthologues
that have been isolated from L. schismatica. Intriguingly,
L. schismatica deviates from the basic ﬂoral ‘bauplan’ in that
carpels surround stamens, which are positioned in the centre of
the ﬂower (Marquez-Guzman et al., 1989; Alvarez-Buylla et al.,
2010), a feature that is otherwise only known from the genus
Trithuria (Rudall et al., 2009) and thus is extremely rare in angios-
perms. It is interesting to note that the loss of DEF–GLO hetero-
dimerization coincides with themodiﬁcation of the ﬂoral bauplan
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FIG. 6. Ancestral character-state reconstruction for the abilityofGLO-like proteins to formhomo- andheterodimeric complexes. The trees on the left and right depict
character state reconstructions for homodimerization ofGLO-like proteins and heterodimerization ofGLO-likewithDEF-like proteins, respectively. For details of the
labelling, see Fig. 5.
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in L. schismatica, although it remains elusive whether there is a
causal relationship between these two observations.
Use of the yeast two-hybrid system to detect homodimerization
of proteins
The available data clearly suggest that homodimerization of
DEF- and GLO-like proteins is under-represented in yeast two-
hybrid assays as compared with EMSAs. Indeed, character-state
reconstructions using only yeast two-hybrid data infer that
homodimerization of DEF- or GLO-like proteins was not
present in the MRCA of ﬂowering plants, whereas the opposite
is predicted when using only EMSA data or a combination of
both data sets (Figs 5, 6; Supplementary Data Figs S9, S11).
One explanation for the discrepancy between yeast two-hybrid
and EMSA results might be that homodimerzation of DEF-
and GLO-like proteins is stabilized by DNA binding, as has
also been proposed for other MIKC-type MADS-domain pro-
teins (Wang et al., 2010). In addition, it has been described
that homodimerization is in general difﬁcult to detect with the
yeast two-hybrid system (Smirnova et al., 1999; Newman
et al., 2000). One plausible explanation for that is that the
GAL4 DNA-binding domain used in the yeast two-hybrid
experiments is already capable of homodimerization. This
homodimerization in turn elevates the local concentration of
the proteins fused to the GAL4 DNA-binding domain (Hu,
2000; Newman et al., 2000), thereby favouring the formation
of homodimers between hybrid proteins containing a GAL4
DNA-binding domain, at the expense of interactions with
hybrid proteins containing the GAL4 activation domain. We
therefore assume that EMSA data or a combination of yeast two-
hybrid and EMSA data are better suited to trace the ancestral
character state of homodimerizing proteins than yeast two-
hybrid data alone.
The developmental relevance of DEF- and GLO-like protein
interactions beyond DEF–GLO heterodimerization
The functional relevance of DEF–GLO heterodimers for de-
termining petal and stamen identity is well established
(Schwarz-Sommer et al., 1992; Lenser et al., 2009). However,
one may ask what the function of the occasionally observed
DEF- and GLO-like protein homodimers or dimers of DEF- or
GLO-like proteinswith other ﬂoral homeotic proteins is. The fre-
quent occurrence of GLO-like protein homodimers in particular
has fostered speculation that these protein complexes are of de-
velopmental relevance (Winter et al., 2002b). This possibility
is supported by expression studies showing that in monocots
and early diverging angiosperms in particular, expression of
GLO-like genes is sometimes not associated with DEF-like
gene expression and is also observed in organs other than
petals and stamens (see, for example, Mu¨nster et al., 2001;
Kim et al., 2005).
However, to the best of our knowledge, a developmental func-
tion of GLO-like protein homodimers or DEF-like protein homo-
dimers has not yet been described. A detailed analysis of these
possibilities would require downregulation or knockout of DEF-
and GLO-like genes in species in which DEF- or GLO-like pro-
teins homodimerize. Respective data are only available from
very few species, including O. sativa (Nagasawa et al., 2003;
Ronai et al., 2003; Yao et al., 2008), Aquilegia vulgaris
(Kramer et al., 2007) and P. somniferum (Drea et al., 2007). In
these cases, downregulation of the complete set of DEF-like
genes resulted in homeotic transformations that very much
resembled or were identical to those obtained when the concomi-
tantGLO-like genes were downregulated. These observations are
in linewith the assumption thatDEF- andGLO-like proteins func-
tion as heterodimers during development and that potential DEF-
or GLO-like protein homodimers cannot substitute for the devel-
opmental role of DEF–GLO heterodimers. However, it should
be taken into consideration that the formation of GLO-like or
DEF-like protein homodimers may lower the concentration of
protein monomers available for heterodimer formation, thus
perhaps indirectly affecting the activity of DEF–GLO heterodi-
mers. Also, in several species, DEF- or GLO-like protein homodi-
mers possess DNA-binding activity (Winter et al., 2002b; Kanno
et al., 2003; Ronai et al., 2003; Whipple and Schmidt, 2006).
These dimers may compete with DEF–GLO heterodimers for
target gene occupancy. Mechanisms may thus have evolved to
prevent the interference between homodimers and heterodimers
ofDEF- andGLO-like proteins. Further studies involving quantita-
tive analyses of interaction strengths will reveal whether and how
such mechanisms are employed.
The functional relevance of homodimers in determining ﬂoral
organ identity notwithstanding, it remains to be noted that DEF-
and GLO-like protein homodimerization is especially prevalent
in early-diverging angiosperms. In these species, ﬂower morph-
ology is considerably less canalized than in core eudicots and
monocots; very often the transition between different ﬂoral
organ types is gradual and not as distinct as in more derived
AGL6
GLODEF
AG
LOFSEP
/SEP3
A. trichopoda N. advena
L. tulipifera O. sativa
P. hybrida A. thaliana
FIG. 7. Conservation of interactions among MADS-domain proteins. The dif-
ferent subfamilies are depicted by ovals; lines between the ovals indicate interac-
tions in the different species as colourcoded in the key.Only interactions between
proteins of different subfamilies are depicted. Not all protein combinations have
been tested in all species. The absence of an interaction here does not therefore
necessarily mean that the proteins do not interact. Publications used to depict
interactions among proteins from A. thaliana, P.hybrida and O. sativa are listed
in Supplementary Data Table S3.
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angiosperms (Buzgo et al., 2004; Soltis et al., 2006, 2007, 2009).
It has been proposed that this gradual transition is related to gra-
dients of ﬂoral homeotic gene expression (Buzgo et al., 2004;
Soltis et al., 2006, 2007, 2009). According to the ‘fading
border’ model, weak expression of ﬂoral homeotic genes may
lead to the establishment of organs of intermediate identity.
For example, weak expression of DEF- and/or GLO-like genes
in the outer ﬂoral organs ofA. trichopdamaygive rise to sepaloid
tepals. An increase of DEF- and GLO-like gene expression
towards the centre of the ﬂowermay result in amore petaloid ap-
pearanceof tepals. It couldwell be thatGLO-orDEF-like protein
homodimers contributed to the broadening of the expression
domain and to the gradual transition between ﬂoral organs.
The evolutionary establishment of obligate heterodimerization,
possibly in conjunction with autoregulatory control, may have
sharpened the expression boundaries ofDEF- andGLO-like pro-
teins and hence contributed to the origin of distinct organ types
within the ﬂower. Unfortunately, mutant analyses in the early-
diverging angiosperms investigated here to test hypotheses on
the functional relevance of homodimers of DEF- or GLO-like
proteins are not yet possible.
It is also noteworthy that circumstantial evidence for a role for
DEF-likeproteinhomodimersduringdevelopmentwasprovided
by the analysis of the orchid DEF-like gene OMADS3 (Hsu and
Yang, 2002).OMADS3 forms homodimers and does not interact
with AP3 or PI from Arabidopsis. However, when ectopically
expressed in Arabidopsis, precocious ﬂowering is observed.
This was taken as evidence that OMADS3 homodimers have a
function in ﬂoral induction (Hsu andYang, 2002). Future experi-
ments may further substantiate whether such a novel function of
DEF-like proteins in orchids does indeed exist.
Beyond homodimerization and interactions with each other,
some DEF- and GLO-like proteins occasionally interact with
AGL6/LOFSEP/SEP3-like proteins. These interactions may be
considered in conjunction with the ability of ﬂoral homeotic
MADS-domain proteins to form tetrameric complexes termed
ﬂoral quartets (Theißen, 2001; Theißen and Saedler, 2001;
Smaczniak et al., 2012). These tetrameric complexes are consti-
tuted by two dimers ofMADS-domain proteins that are bound in
the vicinity of each other on the DNA and interact with each
other. Speciﬁc ﬂoral quartets are proposed to confer the identity
of each of the different ﬂoral organ types. DNA-bound heterodi-
mers of DEF- and GLO-like proteins are implicated to be part of
the quartets determining petal and stamen identity. In
A. thaliana, for example, these are AP3-PI/SEP3–AP1 and
AP3-PI/SEP3–AG complexes, respectively (Honma and Goto,
2001; Theißen, 2001; Theißen and Saedler, 2001). Most of the
heterodimeric interactions between DEF- or GLO-like and
AGL6/LOFSEP/SEP3-like proteins may therefore reﬂect the
interactions operating between DNA-bound dimers within the
quartet. This hypothesis is supported by the notion that in the (ad-
mittedly few)eudicot species tested so far,DNA-bindingactivity
of heterodimers consisting of a DEF-like or a GLO-like protein
and an AGL6/LOFSEP/SEP3-like protein has not been detected
(Davies et al., 1996; Geuten et al., 2006). Co-operative interac-
tions between DNA-bound dimers are usually very weak in
nature. Depending on the actual experimental set-up, they may
escape detection with the yeast two-hybrid assay. That may
explain why interactions between DEF- or GLO-like and
AGL6/LOFSEP/SEP3-like proteins appear to be scattered
across the angiosperm phylogeny. However, it remains to be
noted that at the base of the angiosperms DNA-binding dimers
between DEF- or GLO-like and AGL6/LOFSEP/SEP3-like
proteins may have existed. Remnants of this property are
detected in early-diverging angiosperms. Also, a gymnosperm
orthologue of DEF- and GLO-like proteins, GGM2, forms
DNA-binding dimers with AGL6-like proteins (Wang et al.,
2010). We hypothesize that the ability of DEF- and GLO-like
proteins to form DNA-binding dimers with proteins from other
subfamilies was quickly lost during angiosperm evolution, as
the respective complexes are difﬁcult to detect in early-diverging
angiosperms.
The evolutionary and developmental relevance of obligate
heterodimerization
Taken together, our data indicate that a DEF–GLO heterodi-
mer is the only functional DNA-binding dimer in the vast major-
ity of angiosperms. As summarized elsewhere, this obligate
heterodimerization may have contributed to the canalization of
ﬂower development as well as to developmental robustness
(Winter et al., 2002b; Lenser et al., 2009).However, the question
remains as to why speciﬁcally DEF- and GLO-like proteins and
not other ﬂoral homeotic MADS-domain proteins have under-
gone such a drastic reduction of interaction partners.
The evolution of interactions among ﬂoral homeotic proteins
can probably not be understood without taking tetramer forma-
tion into account. In eudicots, tetramer formation and hence
ﬂoral organ development largely depends on AGL6/LOFSEP/
SEP3-like proteins (or the closely related SQUA-like proteins)
(Imminket al., 2009, 2010), and this dependencemayeffectively
prevent the development of ﬂoral organs outside the ﬂoral
context (Melzer et al., 2010). This dependence may in turn
have contributed to the concerted development of petals,
stamens and carpels in close proximity to each other and thus
to the evolutionary origin and developmental stabilization of
the ﬂower as a reproductive entity (Melzer et al., 2010).
However, if one protein of the AGL6/LOFSEP/SEP3 clade is
always part of the tetramers determining organ identity, an obli-
gate heterodimer beyond the DEF–GLO heterodimer cannot be
constituted for stoichiometric reasons. For example, at the
dimeric level, it is plausible to assume that a hypothetical obli-
gate heterodimer of two different AG-like proteins could
buffer developmental perturbations and contribute to the canal-
ization of development within the ﬂower in a similar way to as
proposed for a DEF–GLO heterodimer. It may prevent, for
example, misexpression of AG-like proteins outside the two
inner ﬂoral whorls. In the context of tetramer formation,
stamen development would in this hypothetical scenario be con-
trolled bya tetramer constituted of aDEF–GLOheterodimerand
a heterodimer of two AG-like proteins. However, AGL6/
LOFSEP/SEP3-like proteins would not be part of such a
complex. Therefore, selectionmay have acted against the forma-
tion of such complexes as thesemay have negatively affected the
robustness of the ﬂower as a single reproductive entity.
Concluding remarks
The evolution of DEF- and GLO-like interaction patterns is a
fascinating example of how the reduction of molecular
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interactions may have contributed to developmental robustness
that in turn may have led to species diversity. It is clear,
however, that much remains to be learned about the pattern of
protein interactions of these two subfamilies of ﬂoral homeotic
MADS-domain proteins. Of particular interest is the functional
relevanceofdimers other thanDEF–GLOheterodimers in early-
diverging angiosperms and gymnosperms. Eventually, analysis
of loss-of-function mutants of def- and glo-like genes in these
species may be necessary to substantiate the evolutionary dy-
namics of DEF- and GLO-like protein interactions.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Table S1: list of
genes used in this study. Table S2: cDNA sequences used to gen-
erate C-terminal deleted proteins for EMSAs. Table S3: list of
publications from which protein–protein interaction data were
extracted. Figs S1–12 give ancestral character-state reconstruc-
tionofDEF- andGLO-likeprotein interactions: S1-S4,S7andS8
show phylogenetic trees based on the gene phylogenies, whilst
S5, S6 and S9-S12 show phylogenetic trees manually drawn
based on the species phylogeny. Fig. S1: heterodimerization of
DEF- with GLO-like proteins. Fig. S2: homodimerization of
DEF-like proteins. Fig. S3: heterodimerization of GLO- with
DEF-like proteins. Fig. S4: homodimerization of GLO-like pro-
teins. Figs S5, S7: heterodimerization of DEF-like with AGL6/
LOFSEP/SEP3-like proteins. Figs S6, S8: heterodimerization
of GLO-like with AGL6/LOFSEP/SEP3-like proteins. Fig. S9:
homodimerization of DEF-like proteins, comparing yeast two-
hybrid (Y2H) and EMSA data. Fig. S10: heterodimerization of
DEF- with GLO-like proteins, comparing Y2H with EMSA
data. Fig. S11: homodimerization ofGLO-like proteins, compar-
ing Y2H and EMSA data. Fig. S12: heterodimerization of GLO-
with DEF-like proteins, comparing Y2H with EMSA data. Figs
S13, S14: representative yeast two-hybrid results for
MADS-domain proteins from (S13) L. tulipifera and (S14)
N. advena. Fig. S15: EMSA results for MADS-domain proteins
from N. advena and L. tulipifera.
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[Abstract] Protein-protein interactions are at the core of a plethora of developmental, 
physiological and biochemical processes. Consequently, insights into the origin and 
evolutionary dynamics of protein-protein interactions may provide information on the 
constraints and dynamics of specific biomolecular circuits and their impact on the organismal 
phenotype. 
  This protocol describes how ancestral protein-protein interaction patterns can be inferred 
using a set of known protein interactions from phylogenetically informative species. Although 
this protocol focuses on protein-protein interaction data, character-state reconstructions can in 
general be performed with other kinds of binary data in the same way. 
 
Data 
 
A. Protein-protein interaction data 
A comprehensive list of interactions for the protein family under study should be compiled. 
As interaction data are typically generated only for proteins whose sequences have been 
deposited in databases, a recently published comprehensive phylogeny of the protein 
family under study may yield an upper estimate of the number and phylogenetic breadth of 
interaction data to be expected. In many cases recently published phylogenetic 
relationships need to be extracted from the publications itself, however a growing number 
of phylogenies are being uploaded in online databases such as TreeBASE 
(http://treebase.org/treebase-web/home.html) or Dryad (http://datadryad.org/). 
1. For obtaining data on protein-protein interactions, databases might be used. 
Prominent examples of such databases include BioGRID (http://thebiogrid.org/) 
(Chatr-Aryamontri et al., 2013), the Database of Interacting Proteins 
(http://dip.doe-mbi.ucla.edu/) (Salwinski et al., 2004), IntAct 
(http://www.ebi.ac.uk/intact/) (Orchard et al., 2014) and String (http://string-db.org/) 
(Franceschini et al., 2013), to mention but a few. Above all, UniProt 
(http://www.uniprot.org/) (UniProt 2015) provides cross-references to a number of 
these database, thus facilitating searches for potential interaction partners. 
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2. Whereas database searches provide a good starting point, they very often do not 
capture all of the information available. It is therefore advisable to undertake a 
literature search. Special emphasize should be put on obtaining information from 
phylogenetically informative proteins, i.e. from proteins that occupy a position in the 
phylogeny that is critical for resolving the state of a particular trait (i.e. the 
character-state). Very often these are the early-diverging lineages, as their inclusion 
(together with more derived taxa) ensures that the whole phylogenetic breadth of a 
taxonomic group is captured. It might prove useful to obtain new experimental data for 
proteins that are phylogenetically especially informative. Indeed, generation of new 
protein-protein interaction data is often combined with character-state reconstruction 
to better understand the evolution of protein-protein interactions (Liu et al., 2010; 
Melzer et al., 2014; Li et al., 2015). 
 
B. Sequence retrieval 
Protein or nucleotide sequences for phylogenetic reconstructions can be retrieved from 
the NCBI nucleotide collection (http://www.ncbi.nlm.nih.gov/nuccore) or the NCBI protein 
collection (http://www.ncbi.nlm.nih.gov/protein).  
 
Software 
 
A. For sequence alignment and subsequent phylogenetic reconstructions one or several of 
the following programs may be used: 
 
Table 1. Programs for sequence alignments and phylogenetic reconstructions 
Program Purpose Reference 
ExPASy 
translate 
Translation of nucleotide sequences into 
amino acid sequences. 
(Artimo et al., 2012) 
http://web.expasy.org/translate/ 
Clustal 2 
Sequence alignment. Suited especially for 
closely related sequences. 
(Larkin et al., 2007) 
http://www.clustal.org/clustal2/ 
MAFFT7 
Sequence alignment. Suited for closely as 
well as more distantly related sequences. 
(Katoh and Standley, 2013) 
http://mafft.cbrc.jp/alignment/software/ 
RevTrans 
1.4 
Converting amino acid alignment into 
codon alignment. 
(Wernersson and Pedersen, 2003) 
http://www.cbs.dtu.dk/services/RevTrans/ 
MEGA 6 
Sequence alignment and phylogenetic 
reconstruction. 
(Tamura et al., 2013) 
 http://www.megasoftware.net/ 
MrBayes 3 Phylogenetic reconstruction. 
(Ronquist and Huelsenbeck, 2003) 
http://mrbayes.sourceforge.net/index.php 
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B. To collate the character matrix  
Microsoft Excel or a similar spreadsheet application 
C. For character-state reconstruction:  
Mesquite 3.02 (Maddison and Maddison, 2015) (http://mesquiteproject.org/) 
Mesquite also provides extensive documentation: (http://mesquiteproject.wikispaces.com/) 
 
Procedure 
 
A. Compilation of the character matrix 
A character matrix is constructed that contains the names of the proteins and their 
interaction properties. This can be done using an Excel spreadsheet. Alternatively, data 
may be entered directly in Mesquite (Figure 1). It is possible to collate information for 
several interacting partners in separate columns. To conduct a likelihood character-state 
reconstruction with Mesquite (see below) data have to be coded categorically, i.e. µ¶IRUQR
LQWHUDFWLRQ DQG µ¶ IRU DQ LQWHUDFWLRQ &RPELQDWLRQV IRU ZKLFK WKH LQWHUDFWLRQV VWDWXV LV
unknown are left blank. Theoretically, one may also introduce three or more categories, 
e.g. µ¶QRLQWHUDFWLRQµ¶ZHDNLQWHUDFWLRQµ¶VWURQJLQWHUDFWLRQ+RZHYHURQHQHHGVWR
be aware of the fact that the categories are still discrete and do not follow a hierarchy (e.g. 
WKHUH LV QR FRQVWUDLQW VXFK WKDW HYROXWLRQ KDV WR SURFHHG IURP µQR¶ WR µZHDN¶ WR µVWURQJ¶
interactions). 
Coding of interactions can be complicated by the phylogenetic history of the interaction 
partner. Consider an example in which protein A interacts with protein B in a certain model 
organism. In another organism, one ortholog of A, termed A¶ here, may exist, but two 
co-orthologs of B, (B¶and B¶¶) occur. If A¶ interacts with B¶ but not with B¶¶ it is difficult to 
assign an interaction status to A¶ (Figure 2). One compromise is to designate A¶ as 
interacting as long as an interaction with either B¶ or B¶¶ is observed (Melzer et al., 2014). 
The situation gets more complicated if only incomplete data sets are available. Assume, 
for example, A¶ is not interacting with B¶¶, but information on the interaction between A¶and 
B¶ is not available. In this case, one may designate the interaction status of A¶ as unknown 
to avoid the inclusion of false negatives in the dataset (Melzer et al., 2014). It is difficult to 
estimate how frequently these problems will appear in a particular dataset. It is therefore 
important to consider the phylogenetic history of the interaction partner in character-state 
reconstructions. 
If the interaction data gathered rely on different methods it is helpful to also collect data for 
each method separately (Figure 1). This will later reveal whether the results of the 
character-state reconstruction depend on the method used to obtain the interaction data. 
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Figure 1. Screenshot from a character matrix in Mesquite. Protein names are listed in 
the second (coloured) column. Interaction characteristics are listed in subsequent columns. 
Data on homodimerization as well as on heterodimerization with other proteins and data 
obtained with different techniques (Y2H: yeast two-hybrid; EMSA: electrophoretic mobility 
shift assay) are collated in separate columns. 
 
 
Figure 2. Duplications can complicate coding interactions. Proteins A and B interact in 
VSHFLHVDVLQGLFDWHGE\WKHGRXEOHDUURZ,QVSHFLHV$¶LQWHUDFWVZLWK%¶EXWQRWZLWK
%¶¶7KLVUDLVHVWKHTXHVWLRQDVKRZWRFRGHWKHLQWHUDFWLRQVWDWXVRI$¶  
 
B. Phylogenetic reconstruction 
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A phylogeny covering all of the proteins under study needs to be constructed using one of 
the many software tools available (e.g. MrBayes, MEGA 6, Bali-Phy, PhyML, see also 
Table 1). For an overview of basic concepts and methods in phylogeny reconstruction see 
De Bruyn et al. (2014). The phylogeny can be constructed using the sequences of the 
proteins under study. However, in principle every tree can be used as long as each protein 
is assigned to a specific position in the tree. Protein names in the character matrix 
described above and in the phylogenetic tree have to be identical to be later able to 
connect the two datasets. Mesquite also offers the possibility to manually draw trees; this 
may be used for cases in which a computational phylogenetic reconstruction is not 
feasible.  
The phylogeny may contain proteins for which interaction data are not available. These will 
later be ignored by the character-state analysis.  
 
C. Character-state reconstruction 
The character-state reconstruction is done using Mesquite. For general instructions on 
KRZ WR KDQGOH 0HVTXLWH RQH PD\ YLVLW WKH µ0HVTXLWH 3URMHFW7HDP¶ <RX7XEH FKDQQHO
(https://www.youtube.com/channel/UCfSmgC0O_dWLI0PEoXZbS4Q). 
1. Import/generate tree: 
Mesquite allows to import trees from other files in several ways 
(http://mesquiteproject.wikispaces.com/Trees). If trees are read from NEXUS files 
note that Mesquite cannot handle some special characters (e.g. dash) if present in 
protein names. When importing a phylogenetic tree, the branch lengths will later be 
taken into consideration for the character-state reconstruction. If a manually drawn 
tree is used, all branch lengths will by default be set to 1. This may work well in a 
number of cases, but it should be kept in mind that proteins from early diverging taxa 
may possess artificially short branches under this setting (Figure 3). However, 
Mesquite also allows editing branch lengths 
(https://mesquiteproject.wikispaces.com/Trees).  
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A                                       B 
Branches as displayed by default when tree is drawn    Branches displayed proportional to length 
  
Figure 3. Screenshot of a manually drawn tree in Mesquite. A. Branches are by default 
displayed so that all tips reach the same level. However, branch lengths are by default set 
to one, as can be seen in B, where branches of the same tree are displayed proportional to 
length (see scaling on the right side of the tree). This reveals that some branches (e.g. that 
leading to Amborella trichopoda AmAP3) might be unreasonable short. 
 
2. Import/generate data matrix:  
There are several ways to generate or import a data matrix implemented in Mesquite 
(http://mesquiteproject.wikispaces.com/Characters+%26+Matrices). A straightforward 
approach is to generate a new blank data matrix with the required number of 
characters and copy/paste the interaction data from the original data source (i.e. from 
the Excel spreadsheet). The matrix needs to be specified as categorical to be used for 
the character state reconstruction. 
3. Model specification and character reconstruction: 
Mesquite provides an extensive documentation on the different settings for the 
character-state reconstruction: 
http://mesquiteproject.wikispaces.com/Ancestral+States. In our analyses we 
employed likelihood reconstruction methods (Melzer et al., 2014), but parsimony 
reconstructions are also available (Li et al., 2015). Two general models can be used 
for likelihood reFRQVWUXFWLRQV7KHµ0DUNRYN-VWDWHSDUDPHWHUPRGHO¶0NDQGWKH
µ$V\PPHWULFDO 0DUNRY N-statH  SDUDPHWHU PRGHO¶ $V\PP0N The principal 
GLIIHUHQFHEHWZHHQWKHVHWZRPRGHOV LV WKDW WKHSDUDPHWHUPRGHODOORZVµIRUZDUG¶
DQG µEDFNZDUG¶ UDWHV WR EH GLIIHrent, i.e. the probabilities for gaining and losing an 
interaction can be different. In the 1 parameter model, gaining and losing an 
interaction is equally probable. Biologically, it would in most cases make more sense 
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to apply the 2 parameter model, as one may assume that it is more likely to lose an 
interaction than gaining it. However, several reports have shown that 2 parameter 
models can lead to implausible results if small to medium sized datasets (data on less 
than 100 protein-protein interactions) are being used (Mooers and Schluter, 1999; 
Pagel, 1999). A likelihood ratio test can be used to infer whether the 2 parameter 
model significantly improves the fit of the model to the data as compared to the 1 
parameter model (Pagel, 1999; Ree and Donoghue, 1999). This test is performed by 
subtracting the - log probability values derived from the two models and multiplying the 
absolute value of the result by 2 (|(-logLMk1)-(-logLAsymmMk)|·2). The resulting number 
can be used as test statistic for a Chi-square test with one degree of freedom. The test 
is also integrated in Mesquite an can be conducted via Analysis: Tree > Values for 
Current Tree > Asymmetry Likelihood Ratio Test. 
,QWKH0NDQG$V\PP0NPRGHOVWKHUDWHRIDFKDUDFWHU¶VHYROXWLRQLVHVWLPDWHGE\
Mesquite 
(http://mesquiteproject.wikispaces.com/Processes+of+Character+Evolution#param). 
However, it is also possible to create own models with specific parameters 
(http://mesquiteproject.wikispaces.com/Ancestral+States#editingModels). This can be 
useful if, for example, the probability of gaining vs. losing an interaction is known from 
prior experimental evidence.  
4. Evaluation of the results:  
Results are best visualized using pie charts at the internal nodes of the tree (Figure 4). 
Mesquite offers the possibility to conduct the character-state reconstruction 
simultaneously over different phylogenetic trees. Also, several characters can be 
traced at once. This facilitates comparison of character-state reconstructions of one 
protein with different partners or comparison of character-state reconstructions based 
on different methods used to assay protein-protein interactions. 
5. Export options:  
Mesquite can export trees and character matrices in numerous ways 
(http://mesquiteproject.wikispaces.com/Interactions+with+Other+Programs). For a 
graphical representation of the character state reconstruction results we recommend 
to export the tree as PDF and use this file for further post-processing with graphics 
software such as Adobe Illustrator. For a direct comparison of the character state 
evolution of two different traits one may utilize the mirror tree function (Figure 4). 
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Representative data 
 
 
Figure 4. Mirror tree comparing results of character-state reconstruction for 
homodimerization (left) and heterodimerization (right) of a subfamily of plant 
transcription factors. Pie charts at internal nodes indicate the probability of the presence 
(yellow) or absence (black) of an interaction. Hatched circles at terminal positions (e.g. 
Petunia hybrida PHTM6 on the left tree) and grey circles at internal nodes designate an 
unknown interaction status. 
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Opinion
Did Convergent Protein
Evolution Enable
Phytoplasmas to Generate
‘Zombie Plants’?
Florian Rümpler,1 Lydia Gramzow,1 Günter Theißen,1 and
Rainer Melzer1,2,*
Phytoplasmas are pathogenic bacteria that reprogram plant development such
that leaf-like structures instead of ﬂoral organs develop. Infected plants are
sterile and mainly serve to propagate phytoplasmas and thus have been termed
‘zombie plants’. The developmental reprogramming relies on speciﬁc interac-
tions of the phytoplasma protein SAP54 with a small subset of MADS-domain
transcription factors. Here, we propose that SAP54 folds into a structure that is
similar to that of the K-domain, a protein–protein interaction domain of MADS-
domain proteins. We suggest that undergoing convergent structural and
sequence evolution, SAP54 evolved to mimic the K-domain. Given the high
speciﬁcity of resulting developmental alterations, phytoplasmas might be used
to study ﬂower development in genetically intractable plants.
Floral Homeotic Mutants versus Phytoplasma-Infected Zombies: United on
Molecular Grounds
Daily life experience provides a number of compelling examples on the precision and conser-
vation of developmental processes. Good cases in point are insects that almost invariably
develop a pair of antennas and Arabidopsis (Arabidopsis thaliana) ﬂowers that virtually always
consist of sepals, petals, stamens, and carpels. Barely anything in developmental genetics is
more fascinating and famous than homeotic mutants (see Glossary) in which these highly
conserved developmental programs are confounded. In these types of mutants certain struc-
tures are ‘changed into the likeness of something else’ [1]. For example, the Antennapedia
mutant from Drosophila (Drosophila melanogaster) develops legs instead of antennae on its
head [2]. Likewise, the sepallata (sep) mutants from Arabidopsis develop a bunch of sepals or
leaves instead of different ﬂoral organs as parts of ﬂowers [3,4].
However, developmental processes cannot only be tampered by genetic changes as in the
examples above. An especially exciting instance for another mechanism is provided by intra-
cellular plant pathogens termed phytoplasmas. These bacteria reside mainly in the phloem
tissue and secrete effector proteins that can reprogram plant development in a number of
impressive ways (Box 1), one of the most striking developmental alterations being a change in
ﬂoral structure as a means of attracting transmitting insect vectors [5–7]. Typical angiosperm
ﬂowers are terminate structures that consist (from outer to inner) of greenish sepals, showy
petals, stamens, and carpels (Figure 1A). By contrast, phytoplasma-infected plants develop leaf-
like structures instead of ﬂoral organs – a symptom termed phyllody (Figure 1B). Also
Trends
The phytoplasma effector protein
SAP54 induces the formation of leaf-
like organs instead of ﬂowers.
SAP54 speciﬁcally binds to the pro-
tein–protein interacting K-domain of
MADS-domain proteins to reprogram
ﬂower development.
Based on its recently solved X-ray crys-
tal structure, the K-domain forms two
/-helices separated by a kink region.
In silico analysis of SAP54 indicates
that it folds into a structure that is simi-
lar to that of the K-domain.
We suggest that SAP54 underwent
convergent sequence evolution to
mimic the K-domain of its targets. This
enabled it to interact with its MADS-
domain protein targets and thereby
manipulate plant development to its
own beneﬁt.
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virescence, the green coloration of ﬂoral organs, is often observed (Figure 1B) [5,6]. In addition,
ﬂowers may lose their determinacy and secondary ﬂowers may develop from within the ﬂower
(Figure 1B) [5,6]. The alterations in ﬂoral structure are so dramatic that infected plants are often
sterile. Several phytoplasma strains possess a wide plant host range and are transmitted by
leafhoppers, planthoppers, and related insects that suck phloem sap of infected plants. An
infection can thus spread rapidly in a plant population, with devastating consequences for some
economically important crops [5,6,8].
Being sterile, phytoplasma-infected plants approach an evolutionary dead end. They mainly
propagate and reproduce phytoplasmas and have consequently been termed ‘zombie plants’
[7,9]. The alterations in ﬂoral structure that are induced by phytoplasmas are remarkably
reminiscent of phenotypes of some ﬂoral homeotic mutants in Arabidopsis. In particular, certain
apetala1 (ap1) and certain sep mutants have strongly similar phenotypes to the ones induced by
phytoplasmas as they also possess greenish leaf-like structures within the ﬂower and indeter-
minate ﬂoral growth (compare Figure 1B with 1C) [3,4,7,10,11]. AP1 and the four SEP genes
SEP1, SEP2, SEP3, and SEP4 encode MADS-domain transcription factors (TFs) that
Glossary
Coiled-coil: a frequent 3D structure
in proteins in which the axis of the
amino acid /-helix (coil) itself is bent
into a helical (coiled) conformation;
two or more /-helices can thereby
wind around one another in a way
that speciﬁc hydrophobic and
electrostatic side chain interactions
are facilitated.
Effector protein: pathogen proteins
that are secreted into host cells and
alter host–cell structure and function.
Heptad repeat pattern: amino acid
sequence feature of the form
[abcdefg]n, where most a and d
positions are occupied by highly
hydrophobic residues (e.g., leucine,
isoleucine, methionine, valine, and
alanine) and most e and g positions
are occupied by charged residues
(arginine, lysine, aspartic acid, and
glutamic acid).
Homeotic mutants: mutants in
which one structure (e.g., an organ)
develops in a place where normally
another structure develops.
Homology: similarity due to common
ancestry.
Horizontal gene transfer: transfer
of genetic material other than that
between parents and offspring.
Horizontal gene transfer can occur
even between distantly related
species, for example, between
prokaryotes and eukaryotes.
MADS-domain transcription
factors: a family of transcription
factors found in almost all eukaryotes
that possess the name-giving MADS-
domain as DNA-binding domain. The
term MADS is an acronym for the
founding members of the family:
MCM1 from Saccharomyces
cerevisiae, AGAMOUS from
Arabidopsis thaliana, DEFICIENS from
Antirrhinum majus, and SRF from
Homo sapiens.
Molecular mimicry: in pathogen–
host interactions, the display of any
structure by the pathogen that
resembles structures of the host at
the molecular level and confers a
beneﬁt to the pathogen because of
this resemblance.
Phyllody: metamorphosis of ﬂoral
organs into leaf-like structures.
SAP54: secreted AY-WB protein 54;
with AY-WB referring to the speciﬁc
phytoplasma strain.
Sequence convergence:
independent emergence of similar
features in two unrelated sequences.
Box 1. The Unfolding Universe of Phytoplasma Effector Proteins
The morphological changes that a plant undergoes upon phytoplasma infection extend well beyond green coloration and
organ identity alterations in ﬂowers. Among others, a witches’ broom phenotype that originates from the proliferation of
shoot branches, resulting in a bushy look of the plant is observed. Also, rosette formation of leaves and dwarﬁsm are
typical symptoms of infection [5,6,8]. Many of these symptoms are probably induced by speciﬁc effector proteins
produced by the phytoplasmas. Effectors are deﬁned as ‘all pathogen proteins and small molecules that alter host–cell
structure and function’ [37]. Based on the presence of an N-terminal signal peptide important for secretion, 56 candidate
effector proteins could be identiﬁed [44]. Most of the putative effectors are smaller than 40 kDa, which is the upper size
exclusion limit of sink tissue plasmodesmata [5,44]. This indicates that the majority of secreted proteins may be able to
move out of the phloem and target host cellular processes in other plant tissues [44]. Expression studies revealed that
about half of the predicted effector genes show higher transcript levels in plants, whereas the other half exhibits higher
expression in insects, suggesting that plant hosts as well as insect vectors are targeted [25].
Beyond SAP54, the functions of two other effectors, SAP11 and TENGU, have been studied in detail [44,59,61–64]. In
Arabidopsis, SAP11 locates to the plant nucleus and interacts with TCP TFs. The protein induces degradation of a
speciﬁc subclass of TCP TFs, CIN–TCP proteins [44,59]. When ectopically expressed, SAP11 induces a witches’ broom
phenotype and the development of crinkly leaves in Arabidopsis. Furthermore, transgenic plants also show a decrease in
jasmonic acid synthesis [59]. CIN–TCP proteins are implicated in leaf development and the control of jasmonic acid
synthesis. Thus, the destabilization of CIN–TCPs is very likely at least partly responsible for the detrimental effects elicited
by SAP11 [59].
Expression of TENGU in Arabidopsis induces dwarﬁsm and witches’ broom [61]. TENGU is processed into small
peptides in the plant, the mechanism of how these interfere with plant development remains to be determined [62].
(A) (B) (C)
Figure 1. Floral Phenotypes Caused
by Phytoplasma Infections Resem-
ble Phenotypes of Floral Homeotic
ap1 Mutants. (A) Healthy Arabidopsis
thaliana wild-type ﬂower; (B) A. thaliana
ﬂower from a phytoplasma-infected plant;
(C) ﬂower of an ap1–12 mutant. (B) and (C)
are from [7] published under the Creative
Commons Attribution (CC BY) license,
with kind permission from Saskia
Hogenhout.
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govern ﬂower development and ﬂoral organ identity [12–14]. The Arabidopsis genome encodes
some 40 paralogs of the SEP genes and AP1, collectively belonging to the subfamily of MIKC-
type MADS-domain TFs [12,15]. MIKC-type MADS-domain proteins form an intricate network of
protein–protein interactions by establishing different dimeric and tetrameric complexes [14,16–
21]. These protein complexes can be considered as the functional unit of MIKC-type MADS-
domain TFs. Speciﬁcally, it has been proposed that DNA-bound tetramers termed ‘ﬂoral
quartets’ determine ﬂoral organ identity and thus control the development of reproductive
tissues in ﬂowering plants [12,22,23]. The four SEP proteins and AP1 are assumed to be
essential components of the ﬂoral quartets and it is probably the disintegration of these
complexes that leads to the severe defects in ﬂoral organ development of sep and ap1 mutants
[11,14,16,22,24].
The molecular genetic underpinnings of ﬂoral organ determination are relatively well understood,
whereas light was shed only recently on the molecular mechanism by which phytoplasmas
manipulate the ﬂower development of their host plants [7,11,24–26]. The main determinant of
altered ﬂower development is a secreted protein termed SAP54 in one study [7,25]. A close
homolog of SAP54 was characterized in parallel in another investigation and termed
PHYLLOGEN1 (PHYL1) [11]. Ectopic expression of SAP54/PHYL1 (termed SAP54 henceforth
for simplicity) in Arabidopsis causes ﬂoral defects very similar to those observed upon phyto-
plasma infection [11,25]. The developmental reprogramming relies on speciﬁc interactions of
SAP54 with a relatively small subset of MIKC-type MADS-domain TFs [7,11]. Thereby, SAP54
destines the MADS-domain TFs for degradation via the ubiquitin/26S proteasome pathway
[7,11,24]. Intriguingly, SAP54 interacts, among others, with AP1 and SEP proteins [7,11]. The
phytoplasma infected ‘zombie plants’ and the ﬂoral homeotic mutants are thus not only
morphologically similar but their phenotypes may also be brought about by convergent molec-
ular mechanisms that all eventually lead to the depletion of ﬂoral homeotic protein complexes
that determine organ identity [7,11,24].
Is it the Mimic that Makes the Zombie?
MIKC-type MADS-domain TFs consist of a DNA-binding MADS-domain (M), an Intervening
domain (I), a Keratin-like domain (K), and a C-terminal domain (C) [15]. It is this characteristic
domain structure from which the term MIKC was derived. The K-domain possesses the second
highest conservation (being topped only by the MADS-domain) and is of special importance for
protein–protein interactions [12,15]. K-domain sequences exhibit a heptad repeat pattern of
the form [abcdefg]nwhere most a and d positions are occupied by hydrophobic amino acids and
most e and g positions by charged amino acids (Figure 2, Key Figure) [27–29]. This pattern is
typical for /-helices capable of interacting with each other by forming coiled-coils [30–32]. The
regular spacing of chemically similar amino acids generates a stripe of hydrophobic residues that
runs along the /-helix and is ﬂanked by charged residues. Two helices can interact with each
other via these stripes, thus constituting coiled-coils [27–29,31,32]. Our views on the structural
characteristics of the K-domain were long mainly based just on sequence analyses and
computational predictions [15,27,28]. Recently, however, the X-ray crystal structure of the
K-domain of SEP3 was determined, showing that indeed intricate coiled-coils are constituted
[29]. The K-domain forms two /-helices separated by a kink region (Figure 2) [29]. The /-helices
provide a platform for interaction with other SEP3 molecules, whereas the kink region prevents
intramolecular association of both helices [29]. Eventually, this enables the formation of a
homotetrameric complex consisting of four SEP3 proteins [29]. Given the high degree of
sequence conservation of the K-domain [12,29], it is most likely that interactions among other
plant MIKC-type MADS-domain TFs, including heteromeric interactions, take place via similar
coiled-coils formations. Nevertheless, interactions among MIKC-type MADS-domain TFs are
highly speciﬁc [16,21]. Very likely, this speciﬁcity is at least partly determined by a characteristic
pattern of evolutionary conserved hydrophobic and charged amino acids within the K-domain
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Key Figure
The Secreted Part of SAP54 Shows Similarity to the K-Domain of MIKC-
type MADS-Domain Transcription Factors (TFs)
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Figure 2. Coiled-coil probability, heptad repeat pattern, and amino acid alignment for (A) the K-domain of MIKC-type
MADS-domain TF representatives and (B) the secreted part of SAP54 and its orthologs. Amino acid sequences were
aligned with MAFFT applying the G-INS-i mode [65] and visualized in Jalview using the ClustalX coloring schemei. Coiled-
coil probability values and heptad repeat positions were calculated with PCOILSii [30] for a sliding window size of 28 amino
acids and plotted against the amino acid position. (C) Crystal structure of a K-domain monomer of SEP3 [29] (left side),
predicted structure of the secreted part of SAP54 (right side, protein structure prediction was performed with Quark Onlineiii
[66]), and hypothesized mode of interaction between SAP54 and its MIKC-type MADS-domain targets (center). For
additional alignments and sequence identities between SAP54 and the K-domain of MADS-domain TFs, see Figure S1 and
Table S1 in the supplemental information online.
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that provide unique interaction interfaces for the different MIKC-type MADS-domain TFs
[27–29].
Intriguingly, the K-domain also constitutes the interaction interface for SAP54 [7]. Yeast two-
hybrid experiments show that the K-domain of AP1 alone is capable of interacting with SAP54
[7]. This is especially remarkable as MIKC-type MADS-domain TFs are not generally ‘sticky’
proteins in that they do not interact with all types of other proteins, but almost exclusively with
other MIKC-type proteins [14,33]. Thus, the question arises as to how SAP54 evolved towards a
protein that can manipulate ﬂower development in such an intricate way. We performed different
in silico analyses to better understand the primary and 3D structure of SAP54 (Figure 2B,C).
These revealed that SAP54 possesses a heptad repeat pattern typical for coiled-coil proteins
(Figure 2B). Furthermore, coiled-coil and structural predictions of SAP54 indicate that the protein
most likely can constitute two relatively long /-helices separated by a short interhelical region in
which a conserved proline ‘breaks’ the /-helix (Figure 2B,C). This structure is strikingly similar to
the X-ray crystal structure of the K-domain of SEP3 (Figure 2) [29]. Based on the similarities
between SAP54 and the K-domain of SEP3 found on the level of both primary and higher order
structures, we hypothesize that the interaction between SAP54 and SEP3 is probably mediated
by a mechanism similar to the one mediating protein interactions among MIKC-type MADS-
domain TFs. Since MADS-domain proteins including MIKC-type proteins appear not to exist in
prokaryotes [34], we thus propose that molecular mimicry of the K-domain enables SAP54 to
interact with MIKC-type MADS-domain TFs (Figure 2C).
Molecular mimicry is a widespread phenomenon found in numerous pathogen–host interactions
and can evolve either by horizontal gene transfer or convergent molecular evolution [35–37].
The secreted part of different SAP54-like proteins and the K-domains of its MADS-domain TF
targets show pairwise sequence identities of up to 21% (see Table S1 in the supplemental
information online), which is at the lower bound of the ‘twilight zone’ at which homology (i.e.,
similarity due to common ancestry and thus horizontal gene transfer) can be inferred [38].
However, since coiled-coil domains do, in general, underlie similar sequence constraints, a priori
similarities for unrelated coiled-coils may be higher than for random sequences [39–41]. Owing
to the relatively low sequence identity between SAP54 and the K-domain and to the repetitive
nature of coiled-coils, we also found that different alignment algorithms produce different results,
further complicating potential homology assignments (see Figure S1 in the supplemental
information online). Probabilistic proﬁle hidden Markov models (HMMs) are more sensitive for
detecting remote homologies than sequence alignments [42]. We therefore created a sequence
proﬁle for the secreted part of SAP54-like proteins based on an alignment of different homologs
and searched different databases. These HMM proﬁle searches did not detect sequence proﬁle
similarities between the K-domain and SAP54 (Box 2, and see Table S2 in the supplemental
information online). Taken together, these considerations favor the hypothesis that SAP54
originated via convergent evolution at the structural and sequence (sequence convergence)
levels rather than by horizontal gene transfer to mimic the K-domain of MIKC-type MADS-
domain TFs.
It remains speculative why plants did not evolve mechanisms to escape the fatal consequences
of SAP54 interactions. Hosts do, in general, employ two complementary strategies to combat
pathogenic proteins: the immune system may recognize the pathogenic protein and mitigate its
detrimental effect and the host target may evolve to escape an interaction with the pathogenic
protein [36]. However, with SAP54 mimicking native plant proteins it might be very difﬁcult for the
plant immune system to distinguish between friend and foe. At the same time, AP1 and the SEP
proteins are major hubs in the protein interaction network controlling ﬂower development
[14,16,21]. Any evolutionary change in amino acid sequence of these proteins that weakens
the interactions with SAP54 may also compromise essential interactions with other ﬂoral
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homeotic proteins. The fact that SAP54 interacts with several MADS-domain TFs further
complicates the evasion of the host machinery from pathogen attack. The different SEP proteins,
AP1, and probably other MADS-domain TFs would have to evolve in parallel to avoid the SAP54
interaction. Thus, SAP54 may provide an impressive example as to how the mimicry of several
essential host proteins can be employed to evade host defense mechanisms [36,43].
Our hypothesis does not explain how SAP54 interacts with the ubiquitin–proteasome machinery
to eventually induce degradation of the MADS-domain TFs. However, truncation experiments
with the SAP54 ortholog PHYL1 have shown that the N-terminal region of PHYL1, that shows no
or very low coiled-coil formation probabilities and hence no structural similarities to the K-domain
(Figure 2B), is not required for the interaction of PHYL1 and its MADS-domain protein targets
[11]. Instead, this region seems to be involved in the recruitment of the ubiquitin–proteasome
machinery, possibly by interacting with the ubiquitin receptor RAD23 [7,11].
Box 2. The Origin of SAP54: A Jumping Gene from Jumping Insects?
To study the origin of SAP54, we employed HMM searches based on a sequence alignment of SAP54-like sequences
against the Conserved Domains Database (CDD) [67] and the Protein families (PFAM) [68] database using the HHPred
web server [69]. Surprisingly, not the K-domain of plant MIKC-type MADS-domain TFs but a putative coiled-coil domain
of an insect P element transposase possessed the most reliable proﬁle similarity to the secreted part of SAP54-like
proteins (see Table S2 in the supplemental information online). The potentially homologous region is very short, resulting
in rather low probability values for the detected homology. Furthermore, other potentially homologous proteins with only
slightly lower probability values and different functions were found. We thus aimed to evaluate the reliability of our ﬁndings
by aligning all members of the transposase PFAM entry to the SAP54 sequence proﬁle using HMMER [70]. This revealed
that in addition to the regions identiﬁed by the HHPred web server, several other regions of SAP54 possess putative
homology to the transposases (Figure I). The putative homologous regions are not organized consecutively when
comparing the proteins, yielding a complex pattern of overlapping and reversed homology assignments (Figure I).
The identiﬁed transposase is also present in true bugs (hemiptera). This order contains leafhoppers and planthoppers,
species of which serve as vectors for transmitting phytoplasmas between different host plants. Even though the
sequence identity between the secreted part of SAP54 and the insect transposase is in the ‘twilight zone’ of homology
assignments, the possibility exists that the secreted part of SAP54 originated from a coiled-coil domain of an insect
transposase via horizontal gene transfer. However, although this hypothesis may constitute a plausible scenario, it is clear
that more comprehensive and sophisticated methods for remote homology detection need to be applied in the future to
shed light on the origin of SAP54.
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Figure I. Alignments of Some Selected Transposases Encoded by Insect P Element Transposons (top) and
SAP54 Orthologs (bottom). Colored bands connect potentially homologous sequence stretches. Amino acid
positions are colored when identical in more than 50% of the sequences, deeper blue shadings indicate higher
percentages of identity. Only amino acids in the putatively homologous regions were shaded. For more details, see
also Tables S2 and S3 in the supplemental information online.
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Where did SAP54 Originate?
Assuming that SAP54 evolved via convergent evolution, the question remains as to from which
ancestral protein sequence it originated. SAP54 possesses a short signal peptide, which mediates
secretion into host plant cells, and that is also found in a number of other phytoplasma effector
proteins [7,11,44]. However, our analyses indicated that the secreted part of SAP54 that interacts
with the K-domain shows no sequence similarity to effector proteins other than putative orthologs
of SAP54. We found neither in phytoplasmas nor in more distantly related bacteria sequences that
could explain the molecular origin of SAP54 (see Table S3 in the supplemental information online).
Surprisingly, the HMM proﬁle searches mentioned above indicated that SAP54 may be homolo-
gous to an insect transposase, opening the possibility that a horizontal gene transfer from a
transmitting insect may have been the initial step in the origin of SAP54 (Box 2).
It should also be noted that phytoplasmas are not only remarkable for reprograming plant
development but they also bear one of the smallest bacterial genomes known to date [45].
Despite being so small, the genome harbors a signiﬁcant amount of repetitive sequences that
can make up some 20% of the genomic DNA [45,46]. Most of this repetitive DNA is organized in
few relatively large ‘potential mobile units’ (PMUs) that possess features of transposons [46,47].
Phytoplasmas display a high degree of genome plasticity and PMUs probably play a vital role in
generating and maintaining this plasticity [46,48]. Intriguingly, the gene encoding SAP54 is part
of a PMU [44,46,48]. It is thus tempting to speculate that the evolution of SAP54 and its location
in a PMU are causally linked. However, the molecular mechanisms that contributed to the origin
of SAP54 remain to be determined.
One Protein to Rule Them All?
Phytoplasmas have a remarkably wide range of host plants, in many of which they induce the
development of greenish ﬂowers [6–8]. At the same time, as far as we know, all ﬂowering plants
possess SEP and AP1 orthologs, and the function of these proteins in ﬂower development is
highly conserved [13,49]. Thus, SAP54-mediated degradation of ﬂoral homeotic proteins may
contribute to the similarities in phenotypes seen in a variety of infected hosts [7,24].
Beyond important crop and model plants, phytoplasma infections have also been described for
early diverging angiosperms and even for some gymnosperm species [8,50–53]. The genetics of
ﬂower and cone development in these evolutionary interesting taxa is not well understood, primarily
because these species are genetically intractable [54–58]. It will be very interesting to see whether
phytoplasmas manipulate ﬂower and cone development in early diverging angiosperms and
gymnosperms, respectively, to the same extent as is observed in monocots and eudicots,
and whether SAP54 interacts with orthologs of AP1 and SEP proteins in a similar manner as
in Arabidopsis. A detailed account of the morphological and molecular consequences of phyto-
plasma infections in phylogenetically informative species could provide us with important infor-
mation on the conservation of the gene regulatory program controlling reproductive development
and thus eventually lead to a better understanding of the origin of the ﬂower during evolution.
Concluding Remarks and Future Perspectives
Based on the presented data, we propose that SAP54 folds into a structure that is similar to that
of the K-domain of MIKC-type MADS-domain TFs. As a result of convergent structural and
sequence evolution, SAP54 may have evolved to mimic the K-domain of its targets and thus to
reprogram plant development such that leaf-like structures instead of ﬂoral organs develop.
However, degradation of some ﬂoral homeotic proteins may not be the only mechanism by
which phytoplasmas bring about aberrant ﬂoral phenotypes, even though SAP54 orthologs
might be involved [26]. For example, a recent study provided evidence that a SAP54 ortholog
inhibits the expression of a microRNA (miR396), which inhibits the translation of SHORT
Outstanding Questions
Do SAP54-like proteins indeed adopt a
structure similar to that of the K-domain
of plant MADS-domain TFs, which
enables them to interact with some
of these TFs? The in silico predictions
presented in this opinion article
strongly suggest structural similarities
of SAP54 and its target proteins. How-
ever, experimental methods such as X-
ray crystal structure determination of a
SAP54/MADS-domain–TF complex
will be needed to test our hypothesis
about the structure and the mode of
interaction.
Is molecular mimicry a widespread
phenomenon among phytoplasma
effector proteins? The vast majority of
predicted secreted proteins may be
able to move out of the phloem and
target host cellular processes. The high
sequence variability of their secreted
part indicates that effector proteins fold
into diverse tertiary structures that may
mimic host cellular components.
Did SAP54-like genes enter phytoplas-
mas by horizontal gene transfer? No
hints for the molecular origin of
SAP54 were found in phytoplasmas
or in more distantly related bacteria.
The life cycle of phytoplasmas as intra-
cellular pathogens in their host plants
and insect vectors may have facilitated
the exchange of genetic material,
opening the possibility that SAP54
(and maybe other genes encoding
effector proteins) originated through
horizontal gene transfer.
Could SAP54-like proteins serve as
molecular tools to study ﬂower devel-
opment in genetically intractable spe-
cies? Phytoplasmas have been shown
to infect some evolutionary interesting
taxa that are genetically intractable.
Studying the effect of phytoplasma
infections in these species may yield
information on the evolution of genes
controlling reproductive development
that is otherwise difﬁcult to obtain.
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VEGETATIVE PHASE (SVP), yet another MADS-domain protein [26]. Therefore, in phyto-
plasma-infected plants SVP is upregulated, which may also contribute to abnormal ﬂower
development [26].
Furthermore, phytoplasma infections do not only cause phyllody but also induce dwarﬁsm and
witches’ broom phenotypes [5,8]. Additionally, the bacteria also inﬂuence insect host behavior
and longevity [5,8]. Many of the developmental alterations induced by phytoplasmas are
probably corroborated by effector proteins that interfere with the host cellular machinery in a
very speciﬁc manner (Box 1). However, despite the considerable progress that has been made in
recent years, the origin and evolutionary dynamics of most effector proteins remains largely
elusive, and the ecological advantages of evolving such intricate proteins are only beginning to
be explored (see Outstanding Questions) [7,48,59].
The study of host–pathogen interactions has repeatedly provided important insights into plant
physiology and developmental biology [60]. The broad host range of some phytoplasmas and
the speciﬁc effects caused by the effector proteins makes them ideally suited to better under-
stand the evolutionary conservation of plant developmental processes.
Clearly, we are only beginning to explore the many facets of phytoplasma biology. The most
exciting years in ‘zombie research’ might be still ahead of us.
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REVIEW
MADS-domain transcription factors and the floral quartet model of
flower development: linking plant development and evolution
Günter Theißen1,*, Rainer Melzer2 and Florian Rümpler1
ABSTRACT
The floral quartet model of floral organ specification poses that
different tetramers of MIKC-type MADS-domain transcription factors
control gene expression and hence the identity of floral organs during
development. Here, we provide a brief history of the floral quartet
model and review several lines of recent evidence that support the
model. We also describe how the model has been used in
contemporary developmental and evolutionary biology to shed light
on enigmatic topics such as the origin of land and flowering plants.
Finally, we suggest a novel hypothesis describing how floral quartet-
like complexes may interact with chromatin during target gene
activation and repression.
KEY WORDS: ABC model, Floral homeotic gene, MIKC-type MADS-
domain transcription factor, Nucleosome, Pioneer transcription
factor, Plant evolution
Introduction
Flowers are frequently composed of four different classes of
organs arranged in whorls, with sepals in the first floral whorl,
petals in the second whorl, stamens (male reproductive organs) in
the third whorl and carpels (female organs) in the fourth whorl.
Understanding how these distinct floral organs are specified has
been a long-standing challenge in plant developmental genetics
(Meyerowitz et al., 1989; Schwarz-Sommer et al., 1990; Coen and
Meyerowitz, 1991; Irish, 2010). According to the floral quartet
model (FQM), which was proposed in 2001, the identity of the
different floral organs is specified during development by
quaternary (tetrameric) protein complexes composed of MIKC-
type MADS-domain proteins (see Glossary, Box 1; Theißen,
2001). These quartets are assumed to function as transcription
factors by binding to the DNA of their target genes, which they
either activate or repress to control the development of the
respective floral organs (Theißen, 2001).
MIKC-type MADS-box genes (see Glossary, Box 1; Münster
et al., 1997; Kaufmann et al., 2005b) encode proteins that exhibit a
characteristic domain organization that includes (from N- to
C-terminus): a MADS (M) domain, an intervening (I) domain, a
keratin-like (K) domain, and a C-terminal (C) domain (Theißen
et al., 1996; Kaufmann et al., 2005b). The MADS domain is by far
the most highly conserved region of all kinds of MADS-domain
proteins, including MIKC-type proteins. It represents a DNA-
binding domain but is also important for the dimerization and
nuclear localization of MADS-domain transcription factors
(Gramzow and Theißen, 2010). The I domain, by contrast, is only
relatively weakly conserved and contributes to the selective
formation of DNA-binding dimers (Kaufmann et al., 2005b). The
K domain is characterized by a conserved, regular spacing of
hydrophobic and charged residues, which allows the formation of
amphipathic helices involved in protein dimerization and
multimeric complex formation (Yang et al., 2003; Puranik et al.,
2014). Finally, the C domain is quite variable and, in some MADS-
domain proteins, is involved in transcriptional activation or
multimeric complex formation (for a review on structural and
phylogenetic aspects of MIKC-type proteins, see Kaufmann et al.,
2005b; Theißen and Gramzow, 2016).
MADS-domain proteins bind as dimers to DNA sequences
termed ‘CArG-boxes’ (see Glossary, Box 1; reviewed by Theißen
and Gramzow, 2016). According to the FQM, two protein dimers of
each tetramer recognize two different CArG-boxes and bring them
into close vicinity by looping the DNA between the CArG-boxes
(Theißen, 2001; Theißen and Saedler, 2001). In recent years, the
remarkable capacity ofMIKC-type proteins to constitute multimeric
transcription factor complexes, together with the importance of
these complexes in plant development and evolution, has been
increasingly recognized. However, the heuristic value of the FQM
in plant developmental and evolutionary biology has not yet been
fully explored. To stimulate further research, we revisit the FQM
and review the current status of the field. We first provide a short
history of the FQM, summarize its recent experimental support, and
outline its use in current research. We also propose a simplified
and generic version of the FQM that helps to harmonize genetic and
molecular models of floral organ identity specification. Finally, we
discuss major open questions regarding floral quartet-like protein
complexes (FQCs; see Glossary, Box 1), concerning their molecular
mode of action during the activation or repression of target genes.
A brief history of the floral quartet model
The scientific journey that eventually led to the development of the
FQM started with the analysis of mutants in which all or some
organs of the flower had been replaced with organs of another
identity, a phenomenon known as ‘homeosis’. Mutational changes
in floral organ identity have been known from many species and
have fascinated humans for over centuries (Meyerowitz et al., 1989).
It turned out that many of the respective mutants, termed floral
homeotic mutants, including those of Arabidopsis thaliana (thale
cress) and Antirrhinum majus (snapdragon), fall into three classes,
termed A, B and C (Bowman et al., 1991; Coen and Meyerowitz,
1991). In ideal class A mutants, sepals are replaced by carpels and
petals are substituted by stamens. In class B mutants, sepals instead
of petals and carpels instead of stamens develop. In class C mutants,
stamens are replaced by petals and carpels are substituted by sepals.
The typical determinate growth of flowers is also often abolished in
class C mutants, so that a potentially unlimited series of additional
mutant flowers develops inside the primary mutant flower.
1Department of Genetics, Friedrich Schiller University Jena, 07743 Jena, Germany.
2School of Biology and Environmental Science, University College Dublin, Belfield,
Dublin 4, Ireland.
*Author for correspondence (guenter.theissen@uni-jena.de)
G.T., 0000-0003-4854-8692
3259
© 2016. Published by The Company of Biologists Ltd | Development (2016) 143, 3259-3271 doi:10.1242/dev.134080
D
E
V
E
LO
P
M
E
N
T
Based on these frequently found classes of homeotic mutants,
simple genetic models were proposed and successfully tested by
analysing double and triple mutants (for a historical perspective, see
Theißen, 2001; Theißen and Melzer, 2006; Causier et al., 2010;
Irish, 2010; Bowman et al., 2012). Arguably the most well-known
of these models is the ‘ABC model’ as outlined by Bowman et al.
(1991) and Coen and Meyerowitz (1991). It maintains that organ
identity in each whorl is specified by a unique combination of three
homeotic functions, termed A, B and C, which are accomplished by
floral organ identity genes. Expression of the A function alone
specifies sepal formation. The combination AB specifies the
development of petals, while the combination BC specifies
the formation of stamens. Expression of C alone determines the
development of carpels. In order to explain the three classes of floral
homeotic mutants, the ABC model proposes that the A- and C-
function genes negatively regulate each other, so that the C function
becomes expressed throughout the flower when the A function is
mutated and vice versa (for reviews of the ABCmodel, see Theißen,
2001; Krizek and Fletcher, 2005; Bowman et al., 2012; Wellmer
et al., 2014).
Subsequent genetic analyses identified five different genes that
provide floral homeotic functions in A. thaliana. The A function
is mediated by APETALA1 (AP1) and APETALA2 (AP2), the B
function by APETALA3 (AP3) and PISTILLATA (PI), and the
C function by AGAMOUS (AG). All of these genes encode putative
transcription factors (Yanofsky et al., 1990; Jack et al., 1992;
Mandel et al., 1992; Goto and Meyerowitz, 1994; Jofuku et al.,
1994; for a review, see Theißen, 2001; Ó’Maoiléidigh et al., 2014),
suggesting that ABC genes may control the transcription of other
genes (‘target genes’) whose products are directly or indirectly
involved in the formation or function of floral organs. Except for
AP2, all ABC genes encode MIKC-type MADS-domain proteins
(Irish, 2010).
The ABC model was attractively simple, but it soon revealed
important shortcomings. For example, mutant and transgenic
studies indicated that the ABC genes are required but usually not
sufficient for the specification of floral organ identity, i.e. when the
ABC genes were expressed outside the floral context they could not,
in most cases, induce floral organ development from leaf primordia
(Krizek and Meyerowitz, 1996a,b; Mizukami and Ma, 1992; Pelaz
et al., 2001). It turned out that additional homeotic functions had
escaped forward genetic approaches. Indeed, based on studies in
petunia (Petunia hybrida), the ABC model was extended to an
‘ABCD’ model by addition of a D function specifying ovule
identity (Angenent and Colombo, 1996). In A. thaliana, three genes
closely related to AG, namely SEEDSTICK (STK; formerly known
as AGL11), SHATTERPROOF1 (SHP1; formerly known as AGL1)
and SHATTERPROOF2 (SHP2; formerly known as AGL5) (Favaro
et al., 2003; Pinyopich et al., 2003) were identified as D-function
genes; stk shp1 shp2 triple mutants are characterized by conversion
of ovules into carpel-like or leaf-like structures (Pinyopich et al.,
2003). The C-function gene AGAMOUS was also considered as an
additional class D gene (e.g. Theißen and Melzer, 2006), but
reconciliation of the FQM with the genetic models suggests a more
elegant solution (discussed below).
Knocking out another class of MIKC-type MADS-box genes,
initially known as AGL2-like genes, but later termed SEPALLATA-
like genes, revealed additional floral organ identity genes (Pelaz
et al., 2000; Ditta et al., 2004). Owing to functional redundancy,
single and double mutants of SEPALLATA1 (SEP1, formerly known
as AGL2), SEP2 (AGL4), SEP3 (AGL9) or SEP4 (AGL3) exhibit
only weak mutant phenotypes, if any (Pelaz et al., 2000; Ditta et al.,
2004). However, in sep1 sep2 sep3 triple mutants, the organs in all
whorls of the flower develop into sepals, and flower development
becomes indeterminate (Pelaz et al., 2000); in sep1 sep2 sep3 sep4
quadruple mutants, vegetative leaves rather than sepals develop in
all whorls of indeterminate ‘flowers’ (Ditta et al., 2004). The
function provided by the SEP genes was initially considered as a
combined B/C function (Pelaz et al., 2000). However, since it had
been shown that the initial expression patterns of class B and C
genes are not altered in the sep1 sep2 sep3 triple mutant (Pelaz et al.,
2000) and to avoid confusion with the previously defined D
function specifying ovule identity, it was proposed that SEP genes,
rather than acting upstream or downstream of the floral homeotic
genes, could constitute yet another class of redundant floral organ
identity genes, for which the term ‘class E genes’ was suggested
(Theißen, 2001). The corresponding ‘ABCDE’ model maintains
that class A+E genes specify sepals, A+B+E specify petals, B+C+E
specify stamens, C+E specify carpels and C+D+E specify ovules
(Fig. 1; Theißen, 2001; Ditta et al., 2004; note that, in case of ovules,
we deviate from previous views that considered AG to be a C+D
gene and now we classify it only as a class C gene, but also consider
the C function to be involved in ovule specification). Importantly,
several lines of data (Honma and Goto, 2001; Pelaz et al., 2001)
strongly suggested that the ABCDE genes are not only necessary,
but also sufficient to superimpose floral organ identity upon
vegetative developmental programs of angiosperms (see Glossary,
Box 1), even though it has remained unclear up to now as to whether
C+E genes suffice to generate carpels (Battaglia et al., 2006).
Like the ABCmodel, the ABCDEmodel relied mainly on genetic
data. This raised questions with regards to the molecular mechanism
by which the different floral homeotic genes interact. For example,
how B and C class proteins interact to specify stamen identity
remained elusive (Riechmann et al., 1996), and all attempts to fully
explain the interactions of the floral homeotic genes and functions
just by the dimerization of floral homeotic proteins were not
successful. The inability to answer these questions was seen as
another major shortcoming of the ABC model and its derivatives
(Theißen, 2001). Overcoming this limitation required a switch from
Box 1. Glossary
Angiosperms. Flowering plants sensu stricto. They produce seeds from
ovules contained in ovaries (‘vessel seeds’) that develop into fruits.
CArG-box. ‘C-Arich-G-box’: a DNA-sequence motif bound by MADS-
domain proteins, with the consensus sequence 5′-CC(A/T)6GG-3′ or a
similar sequence.
Floral quartet-like complex (FQC). A complex of four MIKC-type
proteins that binds to two CArG-boxes involving looping of the DNA
connecting the CArG-boxes.
Gymnosperms. Seed-bearing plants with ovules that are not contained
in ovaries and hence develop as ‘naked seeds’. Angiosperms very likely
evolved from some (unknown) group of gymnosperms.
MADS-box gene. A gene containing a MADS box, which encodes the
DNA-binding and nuclear-localization domain of the respective MADS-
domain transcription factors. The acronym ‘MADS’ refers to the four
founder genes MINICHROMOSOME MAINTENANCE FACTOR1
(MCM1; from Saccharomyces cerevisiae), AGAMOUS (AG; from
Arabidopsis thaliana), DEFICIENS (DEF; from Antirrhinum majus) and
SERUM RESPONSE FACTOR (SRF; from Homo sapiens).
MIKC-type MADS-domain protein. A MADS-domain protein that
exhibits a characteristic domain structure including a DNA-binding
MADS (M) domain, an Intervening (I) domain, a keratin-like (K) domain
and a C-terminal (C) domain.
Pioneer transcription factor (PTF). A transcription factor that can bind
to nucleosome-associatedDNA sites, possibly by evicting nucleosomes.
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considerations at the gene level to the level of the encoded proteins
and eventually led to a new model: the FQM.
The FQM suggests that tetrameric complexes of floral homeotic
proteins, rather than individual dimers, control floral organ identity.
An important clue that led to the proposition of the FQM was
provided when Egea-Cortines et al. (1999) reported that the AP3, PI
and AP1 orthologues DEFICIENS (DEF), GLOBOSA (GLO) and
SQUAMOSA (SQUA) from A. majus form multimeric complexes
in electrophoretic mobility shift and yeast three-hybrid assays.
Interestingly, the multimeric complex appeared to have a higher
DNA-binding affinity than the individual dimers. The authors
suggested a model in which the protein complex is actually a protein
tetramer, composed of a DEF-GLO heterodimer and a SQUA-
SQUA homodimer, in which the DEF-GLO and SQUA-SQUA
dimers recognize different CArG-boxes (Egea-Cortines et al.,
1999). It remained unclear, however, whether the formation of
multimeric protein-DNA complexes was just an idiosyncrasy of
some MIKC-type proteins from snapdragon with limited functional
relevance, or whether this observation revealed a general principle
of MIKC-type protein interactions. Soon after this discovery,
however, Pelaz et al. (2000) reported that not only the ABC genes,
but also the SEP genes are required for the formation of petals,
stamens and carpels. All available evidence, including some
previous findings about protein dimerization specificities, were
subsequently pulled together in the FQM (Theißen, 2001).
According to the original ‘quartet model’, there is at least one
unique quaternary complex for each type of the floral organs sepals,
petals, stamens and carpels (Theißen, 2001). Based on the ABCDE
model and considering carpels, which are unique to angiosperms,
and ovules, which are present in all seed plants including
gymnosperms (see Glossary, Box 1) as different organs, one may
propose a more elaborate FQM (Fig. 1; Theißen and Melzer, 2006).
While the manuscript describing the FQM was in press but not
yet available in print, Honma and Goto (2001) demonstrated the
formation of the protein complexes postulated for stamens and
petals, namely AP3-PI/AG-SEP and AP3-PI/AP1-AP1 (or AP3-PI/
SEP-SEP), respectively, thus providing support for the FQM
(Theißen and Saedler, 2001). Shortly thereafter, it was shown that
partial loss of SEP gene (class E) activity leads to similar defects in
ovule development as observed in stk shp1 shp2 (class D gene)
triple mutants, and that class D proteins form multimeric complexes
together with the SEP3 protein in yeast three-hybrid assays (Favaro
et al., 2003), strongly suggesting that floral quartets including class
D and E proteins control ovule development (Fig. 1; Theißen and
Melzer, 2006).
Recent experimental evidence supporting the floral quartet
model
The FQMwas rapidly accepted in the literature (see, e.g. Jack, 2001;
Eckardt, 2003; Ferrario et al., 2004; Jack, 2004; Krizek and
Fletcher, 2005; Baum and Hileman, 2006), suggesting that it was
plausible and not in conflict with major evidence at the time of its
inception. In addition, a number of protein interaction studies in
yeast using proteins from different flowering plant species, such as
SEP
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AP1
PI AP3
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AGSEP
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SEPAG
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PIAP3
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Class B
Class A Class C
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Class E
Sepals
Stamens
Carpels
Ovules
1st whorl 2nd whorl 3rd whorl 4th whorl
ABCDE
model
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quartet
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Sepals
Stamens
Carpels
Ovules
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Fig. 1. The floral quartet model and the underlying ABCDE model of organ identity determination in Arabidopsis thaliana. The top part of the figure
depicts a version of the floral quartet model, which maintains that the five floral organ identities (sepals, petals, stamens, carpels and ovules) are specified by the
formation of floral organ-specific tetrameric complexes of MIKC-type MADS-domain transcription factors that bind to two adjacent cis-regulatory DNA binding
sites (CArG-boxes, green) and loop the DNA (blue) in between. A complex of two APETALA1 (AP1) class A proteins and two SEPALLATA (SEP) class E proteins
determines sepal identity, a complex of one AP1 and one SEP protein together with one of each of the class B proteins APETALA3 (AP3) and PISTILLATA
(PI) determines petal identity, a complex of one SEP, one AP3, one PI protein and the class C protein AGAMOUS (AG) determines stamen identity, a complex of
two SEP proteins together with two AG proteins determines carpel identity, and a complex of one SEP and one AG protein together with one of each of the
class D proteins SHATTERPROOF (SHP) and/or SEEDSTICK (STK) controls ovule identity. The bottom part of the figure illustrates the genetic ABCDE model.
According to this model, organ identity during flower development in A. thaliana is controlled by five sets of floral homeotic genes providing overlapping floral
homeotic functions: A, B, C, D and E. Class A genes are expressed in the organ primordia of the 1st and the 2nd whorl of the flower, class B genes in the 2nd and
3rd whorl, class C genes in whorls 3 and 4, class D genes in parts of the 4th whorl (ovule primordia), and class E genes are expressed throughout all four whorls.
Class A and E genes specify first whorl sepals, class A, B and E genes specify second whorl petals, class B, C, and E genes specify third whorl stamens, class C
and E genes specify fourth whorl carpels, and class C, D and E genes control the development of the ovules within the fourth whorl carpels.
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tomato, petunia, chrysanthemum, gerbera and rice, demonstrated
that floral homeotic proteins could form multimers (e.g. Ferrario
et al., 2003; Favaro et al., 2003; Shchennikova et al., 2004; Yang
and Jack, 2004; Kaufmann et al., 2005a; Leseberg et al., 2008;
Ruokolainen et al., 2010; Seok et al., 2010). Additional
experimental evidence supporting the FQM, however, remained
scarce for a while. In recent years, this has changed considerably.
Diverse experimental approaches comprising analyses in vitro,
in vivo, in planta and in silico have contributed to the view that floral
quartets really exist and play an important role in controlling plant
development.
An early experiment that provided evidence for the formation of
multimeric complexes of MIKC-type MADS-domain proteins in
plant cells employed different fusions between petunia MIKC-type
proteins and yellow fluorescent protein (YFP) or cyan fluorescent
protein (CFP). When two fusion proteins that dimerize only weakly
were coexpressed in petunia protoplasts with a third, unlabelled
MIKC-type protein, strong fluorescence resonance energy transfer
(FRET) was observed, suggesting that a higher-order complex, as
predicted by the FQM, had been formed (Nougalli-Tonaco et al.,
2006). Next, in a series of experiments employing electrophoretic
mobility shift assays (EMSA) and DNase I footprint assays, it was
demonstrated that FQCs can be reconstituted from a limited
number of components in vitro. Initial experiments revealed that
not even a combination of different MIKC-type proteins is required
to obtain FQCs; the class E floral homeotic protein SEP3 from A.
thaliana shows an intrinsic capacity to cooperatively bind as a
tetramer to two CArG-boxes (Melzer et al., 2009). The spacing and
phasing of CArG-boxes influence the efficiency of FQC binding:
binding occurs better if the CArG-boxes are separated by an integer
number of helical turns (Melzer and Theißen, 2009; Melzer et al.,
2009). In this context, the two CArG-boxes are in the same
orientation, so that bending and looping, but not twisting, of the
DNA is required when a MIKC-type protein tetramer binds. The
ability of a SEP3 homotetramer to loop the DNA sequence
separating the two binding sites supports some of the major tenets
of the FQM. In follow-up experiments, it was shown that the other
three SEP proteins (SEP1, SEP2 and SEP4) of A. thaliana also
constitute FQCs involving protein homotetramers under suitable
conditions in vitro (Jetha et al., 2014). All four SEP proteins bind
to CArG-boxes in a similar way, and yet they also show subtly
distinct DNA-binding properties. For example, the cooperativity of
DNA binding differs among the different SEP proteins, with SEP3
often showing the least cooperativity (Jetha et al., 2014). It was
also shown that all SEP proteins prefer surprisingly short distances
of 4-6 helical turns (∼42-63 nucleotides) between the CArG-boxes
(Jetha et al., 2014). Remarkably, the optimal distance was shown to
differ in in vitro experiments, with SEP2 preferring relatively large
distances and SEP4 preferring small distances; SEP1 binds well to
CArG-box pairs separated by a relatively broad range of distances
(Jetha et al., 2014). It is conceivable that FQCs involving SEP
proteins alone have a function in the development of flowering
plants, but conclusive evidence for that is missing so far (Melzer
et al., 2009; Melzer and Theißen, 2009) and other studies instead
suggest that SEP proteins act as a kind of ‘glue’ in interactions of
MIKC-type proteins (Immink et al., 2009). It was further shown
that complexes composed of SEP3, AP3 and PI form preferentially
over SEP3 homotetramers, suggesting a mechanism that would
allow different target genes to be activated at different
developmental stages (Melzer and Theißen, 2009). In addition,
the ectopic expression of SEP3, together with the class B proteins
AP3 and PI, is sufficient to induce the development of petals from
primordia that would normally develop into vegetative leaves
(Honma and Goto, 2001), highlighting that FQCs involving
SEP3, AP3 and PI represent a minimal set of master control
elements governing floral organ (petal) identity (Melzer and
Theißen, 2009).
Data supporting FQC formation in planta has also been
published. Identifying protein complexes isolated from transgenic
plants by affinity purification followed by mass spectrometry and
label-free quantification, Smaczniak et al. (2012b) collected data
strongly suggesting that the five major floral homeotic MIKC-type
proteins that were tested as baits – AP1 (A function), AP3 and PI (B
function), AG (C function) and SEP3 (E function) – interact in floral
tissues as proposed by the FQM, even though the data do not
provide unequivocal evidence that exactly tetramers form in planta.
Moreover, some tetramers of MIKC-type proteins appear to be able
to bind to single CArG-boxes (see, e.g. Melzer et al., 2009;
Smaczniak et al., 2012b). As such, an important aspect of the FQM
– the looping of regulatory DNA of target genes bound by tetramers
of MIKC-type proteins (Theißen, 2001; Theißen and Saedler, 2001)
– remained untested in planta. Not much later, however, Mendes
et al. (2013) reported a series of experiments in favour of FQC
formation involving DNA looping. Employing the single-molecule
in vitro method of tethered particle motion (TPM), the authors
studied binding of the floral homeotic proteins STK (class D) and
SEP3 (class E) to a fragment of the promoter region of VERDANDI
(VDD), which is a direct target gene of STK that contains three
CArG-boxes up to 444 bp apart. The data strongly suggested that
loop formation indeed occurs and that FQC formation clearly
favours one pair of CArG-boxes (CArG-box 1+CArG-box 3) over
alternative combinatorial possibilities for protein binding (Mendes
et al., 2013). Using promoter-reporter gene fusions, the authors also
studied the functional importance of different CArG-boxes in
transgenic A. thaliana plants, demonstrating that single CArG-
boxes are not sufficient to drive VDD gene expression in planta,
and that both CArG-boxes 1 and 3 are required to establish the
typical VDD gene expression pattern. Together with chromatin
immunoprecipitation (ChIP) studies demonstrating that STK and
SEP3 preferentially bind to CArG-boxes 1 and 3 in the VDD
promoter region, these findings suggest that FQCs involving STK,
SEP3 and CArG-boxes 1 and 3 assemble in the VDD promoter
region and are involved in controlling gene expression in planta.
These findings provide remarkable in vivo evidence for the FQM,
even though alternative scenarios have not been completely ruled
out so far.
Additional support for the FQM has been provided by structural
biology studies. Some EMSA experiments had demonstrated that
the C-terminal half of the K domain, which was assumed to form an
amphipathic α-helix involved in the formation of a coiled-coil, is of
crucial importance for MIKC-type protein tetramerization (Melzer
et al., 2009; Melzer and Theißen, 2009). Recent X-ray
crystallography studies of the K domain of A. thaliana SEP3
revealed that the K domain forms two amphipathic α-helices
separated by a rigid kink, which prevents intramolecular association
(Puranik et al., 2014). The K domain thus provides two separate
interaction interfaces to facilitate dimerization and tetramerization
with other K domains (Puranik et al., 2014). Atomic force
microscopy (AFM) further demonstrated the looping of target
DNA by SEP3 and even allowed FQCs to be ‘seen’ for the first time
(Puranik et al., 2014).
Last, but not least, recent in silico analyses have provided support
for the FQM. Network-based analyses of the known physical
interactions between MADS-domain proteins from A. thaliana (as
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revealed by yeast two-hybrid and three-hybrid assays) indicated
that the formation of functional tetramers is a widespread property
of A. thaliana MIKC-type proteins, but not of non-MIKC-type
MADS-domain proteins i.e. those that lack a K domain (Espinosa-
Soto et al., 2014). Given that all floral organ identity proteins
(ABCDE proteins) of the MADS-domain family are MIKC-type
proteins, and that MIKC-type proteins have a tendency to
tetramerize (even though not all of them may actually do so), it
appears even more likely that the combinatorial interactions of
the different homeotic genes predicted by the ABCDE model are
indeed realized by the tetramerization of MIKC-type floral
homeotic proteins.
The findings reviewed above, however, do not imply that all
MIKC-type proteins exert their function only as constituents of
tetrameric complexes. Several lines of evidence, such as ChIP-seq
data of protein binding in vivo (Kaufmann et al., 2009; Kaufmann
et al., 2010a,b), suggest that dimers of MIKC-type proteins are also
of functional importance, and it also appears likely that at least some
dimers and tetramers exist in dynamic equilibria.
The FQM as guiding model in current research
The heuristic value of the FQM is revealed by its use as a guiding
model in current research. For example, the destruction of floral
quartets has been proposed to cause the development of the often
bizarre symptoms observed in plants infected by the bacterial
pathogen phytoplasma (Maejima et al., 2014). One characteristic
phenotype (‘phyllody’) of phytoplasma-infected plants from
diverse species, including A. thaliana, resembles the phenotype of
class E floral homeotic mutants, with floral organs unable to
develop proper floral organ identity. This was recently shown to be
due to proteasome-mediated degradation of the class A and E floral
homeotic proteins AP1, CAULIFLOWER (CAL) and SEP3, which
is initiated by interaction of the floral homeotic proteins with
phytoplasma-secreted effector proteins termed SAP54 or PHYL1
(Maejima et al., 2014; MacLean et al., 2014). An in silico study
suggests that the PHYL1 structure resembles that of the K domain,
thus facilitating dimerization between some floral homeotic proteins
and PHYL1 (Rümpler et al., 2015). The authors hypothesized that
the similarity between PHYL1 and the K domain represents a case
of convergent evolution (‘molecular mimicry’) that evolved to
enable phytoplasmas to manipulate their host plants according to
their needs. Maejima et al. (2014) noted that the strength of
phenotype in the different floral whorls of plants expressing PHYL1
(severe in the first whorl, medium in whorl 2, weak in whorl 3 and
again medium in the fourth whorl) correlates perfectly with the
number of class A and E proteins (4, 2, 1, 2) in the floral quartets of
whorls 1, 2, 3, and 4, respectively; they thus argue that the floral
quartet model provides the basis for an explanation of the whorl-
specific differences in the strength of phenotype in affected plants.
Diversification of the floral quartet that specifies petal identity
has been used to explain the differences in the petaloid organs of
orchids. Orchids typically have four paralogous AP3-like genes, in
contrast to the one AP3-like class B gene found in A. thaliana and
A. majus. According to the ‘orchid code hypothesis’, sub- and neo-
functionalization involving differential expression of these genes
led to a combinatorial system that specifies the identity of the
different petaloid perianth organs, i.e. outer tepals (also called
‘sepals’) in the first floral whorl, and inner lateral tepals (‘petals’)
and the labellum (‘lip’) in the second whorl (Mondragón-Palomino
and Theißen, 2008, 2011). Recently, Hsu et al. (2015) reported
several lines of evidence suggesting that competition between two
floral quartets decides whether outer and inner lateral tepals (‘sepals
and petals’), or lips develop. Both floral quartets contain one protein
encoded by the single PI-like (class B) gene, but different paralogs
of AP3-like (class B) and AGL6-like genes (that may function in
orchids as class E genes).
Floral quartets have also been used to explain how the
interesting phenomenon of paralog interference can affect the
evolutionary dynamics of genes after duplication (Kaltenegger and
Ober, 2015). When proteins function in obligate homomeric
complexes of identical subunits, duplication of the gene encoding
these proteins generates paralogous genes whose gene products
may cross-interact when co-expressed, thus resulting in paralog
interference. Since independent mutations in the different gene
copies may interfere with protein interaction and function, and
hence may bring about a dominant negative effect, both copies are
expected to remain under purifying selection during a prolonged
time window. This increases the chance that they accumulate
mutations that lead to novel properties of the different paralogous
proteins. In line with this, positive selection may occur, creating
asymmetric protein dimers or multimers that may contribute to
evolutionary novelties or innovations. While Kaltenegger and
Ober (2015) focused their discussion on the obligate
heterodimerization of class B proteins within some floral
quartets of angiosperms, it is tempting to speculate that paralog
interference played an important role during the expansion and
diversification of all kinds of MIKC-type genes and FQCs
throughout the evolution of land plants.
The (A)B(C)s of floral quartets
When the simple and elegant ABC model developed into the more
elaborate ABCDE model, the FQM was proposed to explain
the interactions between floral homeotic genes and proteins, but it
also intended to resimplify matters (Theißen, 2001). Recent
improvements to the ABCDE model enable the FQM to further
harmonize the genetic and the molecular models.
In contrast to the genetically, phylogenetically and
developmentally quite well-defined B and C floral homeotic
functions, the concept of A function has been considered
controversial for almost as long as the ABC model itself (Theißen
et al., 2000; Litt, 2007; Causier et al., 2010). One reason is that in
almost all plants that have been investigated so far, with A. thaliana
Box 2. The phylogeny of floral homeotic genes and
functions
A E DCB
(C)(A)
The highly simplified phylogenetic tree depicts the relationships between
floral homeotic genes, proteins and functions as defined in the ABCDE
model (Fig. 1; Gramzow and Theißen, 2010). While the deep branching
of the tree is still largely unknown (indicated by the basal trifurcation)
there is strong support for a close relationship between class A and E
genes, and class C and D genes, constituting the clades of (A) and (C)
genes, respectively, as indicated.
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being a remarkable exception, one does not find recessive mutants
in which the identity of both types of perianth organs is affected
(Litt, 2007). But even in A. thaliana, the A function appears
ill-defined (Litt, 2007; Causier et al., 2010). For example, an A
function in specifying perianth (sepal and petal) organ identity and
antagonizing the C function is difficult to separate genetically from
a more fundamental function in specifying floral meristem identity.
In fact, an early alternative to the ABC model that was focused on
A. majus proposed two ‘developmental pathways’ named ‘A’
and ‘B’ in combination with a ‘floral ground state’ (Schwarz-
Sommer et al., 1990), with A and B being equivalent to the class B
and C function, respectively, of the ABC model (Causier et al.,
2010). In this alternative model, sepal development represents
the ‘default state’ of floral organ development and hence does
not require a specific floral homeotic function (Schwarz-Sommer
et al., 1990).
To resolve controversies surrounding A function, Causier et al.
(2010) suggested an (A)BC model with (A) function controlling
both floral meristem identity (the ‘floral ground state’) and floral
organ identity in the first two floral whorls. According to the (A)BC
model, (A) function also comprises the E function of the ABCDE
model i.e. (A)=A+E. According to Causier et al., (A) function is
provided by a group of genes, but if one focusses on the MADS-box
genes involved – in the case of A. thaliana the class A gene AP1 and
the class E genes (sensu lato), i.e. the SEP genes and the AGL6-like
genes (Mandel et al., 1992; Pelaz et al., 2000; Ditta et al., 2004;
Rijpkema et al., 2009; Hsu et al., 2014) – one finds some support for
the new (A) function in gene phylogeny. All of these genes are
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Fig. 2. Perspectives on floral homeotic functions
in gymnosperms and angiosperms. Two
perspectives (1 and 2) of how floral homeotic genes
might function in gymnosperms and angiosperms are
shown. The trees at the bottom of each panel illustrate
proposed phylogenetic relationships between the five
floral homeotic gene functions: A (yellow), B (red), C
(blue), D (cyan) and E (brown). Potential combined/
ancestral functions (A), which represents class A+E
genes (bicoloured in yellow and brown) and (C), which
represents class C+D genes (bicoloured in blue and
cyan) are also shown. The coloured ovals illustrate the
spatial expression patterns of floral homeotic genes
within an angiosperm flower and for male and female
cones of gymnosperms (applying the same colour
code). The assumed composition of the FQC
operating in each context is shown, with individual
proteins colour coded according to their floral
homeotic gene function. (Perspective 1) The generally
well-accepted model of floral organ development
assumes five classes of floral homeotic genes (A,B,C,
D,E) with A and E descending from the duplication of a
common ancestor (A) prior to the split of
gymnosperms and angiosperms, and C and D
resulting from a duplication of an ancestral (C)-
function gene during early angiosperm evolution.
Orthologues of class A (AP1-like) and some class E
(SEP-like) genes had until very recently not been
identified in gymnosperms and were therefore
assumed to have been lost in the lineage that led to
extant gymnosperms (*). The development of male
and female cones is thus assumed to be controlled by
tetramers of class B and (C) proteins only.
(Perspective 2) We argue that the floral homeotic
class A and E genes may be reconsidered as a
combined (A) gene function that is present in
angiosperms as well as gymnosperms, while the so
far separated class C and D genes of angiosperms
may be coalesced into a combined (C) gene function.
Note that ‘Carpels’ in perspective 2 includes ovules.
Based on the resulting (A)B(C) model, we
hypothesize that the FQCs that determine male and
female reproductive organs, respectively, are in
principle the same for angiosperms and
gymnosperms.
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relatively closely related members of a gene superclade (Gramzow
and Theißen, 2010, 2013, 2015; Ruelens et al., 2013), and it is thus
conceivable that the A and E functions known from flowering plants
trace back to an ancestral function in specifying reproductive
meristem identity (Box 2). Similarly, there is evidence that
the C and D functions of angiosperms trace back to a combined
C/D function provided by AG-like genes in extant gymnosperms
and stem group seed plants (Box 2; Gramzow et al., 2014).
Hence in analogy to (A) function, one may define (C) function, with
(C)=C+D, yielding an (A)B(C) model for the angiosperm flower.
The (C) function may specify reproductive organ identity, and its
expression may distinguish reproductive from non-reproductive
organs. Based on these considerations, one can transform a
generalized ABCDE model into a more simple (A)B(C) model
(Fig. 2). Note that the model shown is a generic model, and that the
genes contributing to these functions may have been differentially
sub- and neo-functionalized in different species of angiosperms.
This hampers interspecific comparisons and might be one reason for
some controversies about A/E and C/D functions in the literature
(see, e.g. Litt, 2007).
‘Translating’ the (A)B(C) model into a model based on FQCs,
one gets a generic floral quartet model (Fig. 2, perspective 2) with
four (A) proteins specifying floral meristem identity and sepals, two
(A)+two B proteins specifying petals, one (A)+two B+one (C)
proteins specifying male reproductive organs (stamens), and two
(A)+two (C) proteins specifying female reproductive organs
(carpels including ovules). Thus, after somewhat of a detour, the
ABC model regains its simplicity as an (A)B(C) model, and the
FQM has also been generalized and simplified (e.g. Fig. 2, compare
1 and 2). Given that (A), B and (C) genes probably already existed in
the most recent common ancestor (MRCA) of extant seed plants, the
generic FQM has obvious consequences for understanding the
origin of the angiosperm flower.
On the origin of floral quartets: towards solving the
‘abominable mystery’
Floral organ identity does not develop without the proper activity
of floral homeotic genes. It appears reasonable, therefore, that
understanding the evolution of floral quartets is key to understanding
the origin of the angiosperm flower – a scientific problem closely
related to the origin of the angiosperms, which has been popularized
as Darwin’s ‘abominable mystery’ (Theißen and Saedler, 2001;
Friedman, 2009). So how did floral homeotic genes of the MIKC
type originate, and how did they start to constitute floral quartets?
Early studies had already documented a strong correlation between
the evolution of MIKC-type genes and the origin of evolutionary
novelties, including floral organs, in land plants (Theißen and
Saedler, 1995; Purugganan et al., 1995; Theißen et al., 1996, 2000;
Becker and Theißen, 2003). The phylogeny of MIKC-type genes is
characterized by the formation of ancient paralogs, many of which
originated by whole genome duplications, preferential gene retention
after duplication, and sequence divergence resulting in sub- and neo-
functionalization (Gramzow and Theißen, 2013, 2015; Theißen and
Gramzow, 2016). Radiations of genes occurred independently in
different groups of land plants. Even though diverse MIKC-type
MADS-box genes are involved in the control of many developmental
processes in angiosperms, and probably also in all other land plants
(Smaczniak et al., 2012a; Gramzow and Theißen, 2010), the floral
homeotic genes are all members of gene clades that are seed plant- or
flowering plant-specific.
Recent phylogeny reconstructions involving the first whole-
genome sequence data from conifers (gymnosperms) suggest that
MIKC-type genes of seed plants are all members of 11 seed plant-
specific superclades that were present in the MRCA of extant seed
plants about 300 million years ago (MYA), but that did not yet exist
in the MRCA of monilophytes (ferns and their allies such as
horsetails) and seed plants (gymnosperms and angiosperms) about
400 MYA (Nystedt et al., 2013; Gramzow et al., 2014). Among
Box 3. FQCs: beyond floral organ identity
Given that the formation of functional tetramers is a widespread property
of A. thaliana MIKC-type proteins (Puranik et al., 2014; Espinosa-Soto
et al., 2014), we hypothesize that FQCs play important roles beyond
floral organ identity specification. Indeed, several studies have
suggested that MIKC-type proteins other than the canonical class A-E
floral homeotic proteins of the FQM can form FQCs. For example,
members of the Bsister subfamily are involved in specifying the
endothelium, and in case of A. thaliana, there is evidence that SHP
proteins and/or STK, SEP3 and the Bsister protein ARABIDOPSIS
BSISTER (ABS, also known as TT16 and AGL32) are components of a
FQC that specifies this identity (Becker et al., 2002; Nesi et al., 2002;
Kaufmann et al., 2005a; Mizzotti et al., 2012; Theißen and Gramzow,
2016). Several MIKC-type genes have also been implicated in fruit
development, and it is reasonable to assume that FQCs also play a role
in this context. For example, FQCs are involved in the development of the
fleshy fruits of tomato (Solanum lycopersicum); such proposed FQCs
were shown to contain MIKC-type proteins, such as the StMADS11-like
protein JOINTLESS, that are part of clades not belonging to those
containing floral homeotic proteins (Liu et al., 2014; Fujisawa et al.,
2014). Smaczniak et al. (2012b) also identified complexes of several
other MIKC-type proteins, in line with the hypothesis that they too are
involved in protein tetramerization and FQC formation. For example,
complexes of AP1 and the TM3-like protein SUPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1), and of SOC1 and
FUL were detected; both complexes might be part of FQCs involved in
the transition to flower (Smaczniak et al., 2012b). These findings support
the view that FQCswith protein compositions other than those described
by the FQM play a role in processes other than floral organ identity
specification.
Angiosperms
Gymnosperms
Ferns
Mosses
Charophytes
Chlorophytes
Seed plantsVascular plants
Land plantsStreptophytes
K-domain
emergence
?
?
?
Unknown origin
of FQCs
*
Fig. 3. The emergence of FQC formation during green plant evolution.
The tree illustrates a simplified green plant phylogeny. Within the green plant
phylogeny, seed plants (angiosperms and gymnosperms) together with ferns
represent the clade of vascular plants; vascular plants and mosses represent
the clade of land plants; and all land plants together with charophytes
(a division of freshwater green algae) build up the clade of streptophytes. The K
domain most likely emerged (indicated by *) prior to the split between extant
charophytes and land plants and is thus a synapomorphy of streptophytes.
There is experimental evidence that at least some MIKC-type proteins of
angiosperms and gymnosperms can form FQCs, whereas MADS-domain
proteins from chlorophytes lack a K domain and thus may bind to DNA only as
dimers, as indicated by the icons next to the names of the different plant
groups. It is not yet known if FQCs exist in charophytes, mosses or ferns
(indicated by ‘?’). Whether FQC formation is directly linked to the emergence of
the K domain and is a synapomorphy of streptophytes, or if it occurred later
during land plant evolution, is therefore also unknown.
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these superclades are those containing, besides other genes, genes
providing floral homeotic A function (FLC/SQUA-like, or FLC/
AP1-like genes), class B genes (DEF/GLO/OsMADS32-like, or
AP3/PI/OsMADS32-like genes), class C genes (AG-like genes) and
class E genes (SEP/AGL6-like genes) (Box 2). Based on gene or
even whole genome duplications in the stem group of angiosperms,
the 11 superclades evolved into 17 clades that had already been
established in the MRCA of extant angiosperms, including distinct
DEF (AP3)- and GLO (PI)-like genes (class B), the AG-like and
STK-like genes (classes C and D), the AGL2-like (SEP-like) and
AGL6-like genes (class E), and the SQUA (AP1)-like genes (class
A) (Theißen et al., 1996, 2000; Becker and Theißen, 2003; Ruelens
et al., 2013; Gramzow et al., 2014).
It has been shown that some putative DEF/GLO-like (class B) and
AG-like (class C/D) MIKC-type proteins from gymnosperms can
alone constitute FQCs that may specify male and female
reproductive cone development (Wang et al., 2010). Moreover,
early phylogeny reconstructions suggested that combined DEF/
GLO-like (class B) and AG-like (class C), but no SQUA-like
(class A) and SEP-like (class E) genes, existed in the MRCA of
extant seed plants. Even though AGL6-like genes had been found in
diverse extant gymnosperms (Winter et al., 1999), the function of
these genes was, at that time, unknown even in angiosperms. These
findings led to the view that the origin of SEP-like genes and the
incorporation of SEP-like proteins into FQCs have been important
steps during the origin of floral quartets, and hence floral organ
identity and flower development (Fig. 2, perspective 1; Zahn et al.,
2005; Baum andHileman, 2006; Silva et al., 2016). However, recent
experimental data from different species suggest that not only SEP-
like but also AGL6-like genes can exert the E function (Thompson
et al., 2009; Rijpkema et al., 2009; Hsu et al., 2014) and phylogeny
reconstructions suggest that the genomes of extant conifers and the
MRCA of extant seed plants contain(ed) orthologs of floral
homeotic class A and E genes (Gramzow et al., 2014). It is
conceivable, therefore, that FQCs quite similar to those of extant
floral quartets also exist in extant gymnosperms and were already
established in the MRCA of extant seed plants (Fig. 2, perspective
2). Specifically, and in contrast to previous views (Fig. 2, perspective
1; Zahn et al., 2005; Theißen and Melzer, 2007) that proposed that
the incorporation of SEP-like proteins into FQCs played an
important role during the origin of the flower, we consider it more
likely now that the FQCs specifying male and female reproductive
cone identity in ancestral and extant gymnosperms very much
resemble(d) those of angiosperms, in that they contain(ed) AG-like
proteins [(C) function] (female cones) or AG-like and DEF/GLO-
like proteins [(B) function] (male cones) as well as SEP/AGL6-like
and/or FLC/AP1-like proteins [(A) function] (Fig. 2, perspective 2).
The differences between the two hypotheses on the origin of
floral quartets are obviously of heuristic relevance. Assuming that
changes in the composition of FQCs played an essential role during
the evolution of the flower may inspire investigations into the
evolution of MIKC-type proteins interactions in seed plants (e.g.
Wang et al., 2010; Melzer et al., 2014). However, if one
hypothesizes that the FQCs specifying male and female
reproductive organ identity in gymnosperms and angiosperms did
not change substantially during the origin of the flower, one may
conclude that changes in the interactions between the FQCs
specifying reproductive organ identity and their target genes have
been of special importance during the origin of the flower. If so,
comparison of the target genes of the MIKC-type proteins in FQCs
in extant gymnosperms and angiosperms would be most revealing.
While target genes for several A. thaliana floral homeotic proteins
have already been determined, for example by employing
techniques such as ChIP-seq (Kaufmann et al., 2009, 2010b;
Ó’Maoilléidigh et al., 2013; Wuest et al., 2012), respective data for
gymnosperms are still missing.
On the origin of FQCs: a MIKC blessing
The floral quartet model describes the interaction of the floral
homeotic proteins at the molecular level. However, floral homeotic
proteins represent only a minor fraction of the MIKC-type protein
family, which comprises 45 members in A. thaliana alone (Becker
and Theißen, 2003; Parenicová et al., 2003). Therefore, the question
arises as to whether multimerization is restricted to the floral
homeotic proteins of eudicots (an extreme hypothesis) or is a
common feature of all MIKC-type proteins in all kinds of land plants
(another extreme hypothesis) (Kaufmann et al., 2005b). Based on
rapidly growing empirical evidence, we hypothesize that FQCs play
an important role far beyond floral organ identity specification in A.
thaliana (see Box 3). This raises the question as to when and where
during evolution FQC formation began. Intriguingly, in contrast to
many other multimeric complexes of transcription factors, the key
protein constituents of floral quartets are all encoded by paralogous
MIKC-type genes. This corroborates the view that duplications of
ancestral MIKC-type genes are intimately interlinked with the
evolution of developmental complexity in plants. Thus, the question
arises as to how the origin of MIKC-type proteins and of their ability
to constitute FQCs are linked.
Avariety of in vitro experimental data has demonstrated that the K
domain is essential for mediating the interactions that are necessary
for FQC formation (Yang et al., 2003; Yang and Jack, 2004; Melzer
and Theißen, 2009; Melzer et al., 2009). As explained above, the K
domain provides the structural basis on which FQC formation takes
place (Puranik et al., 2014). It thus appears that the emergence of the
K domain –with two distinct interaction interfaces that facilitate both
Box 4. Why quartets?
Why do many MIKC-type transcription factors bind to the DNA of their
target genes as tetramers (quartets) rather than as independent dimers,
as is the case for many other MADS-domain proteins? One important
difference between tetramers and two dimers binding to DNA is the
increased cooperativity in DNA binding. This cooperativity creates a
sharp transcriptional response, i.e. even small increases in protein
concentration can lead to drastic changes in regulatory output (Georges
et al., 2010). Floral homeotic proteins as well as many other MIKC-type
proteins act as genetic switches that control discrete developmental
stages, and cooperative DNA binding might be one important
mechanism that translates the quantitative nature of biomolecular
interactions into discrete phenotypic outputs (Theißen and Melzer,
2007; Kaufmann et al., 2010a). Tetramer formation could also potentially
incorporate different signals and thereby increase the robustness of the
system. If one protein component of the tetramer is missing, the entire
complex will not form or will be greatly destabilized and the
developmental switch will not occur (Whitty, 2008). The formation of
tetramers might also, in principle, contribute to an increase in target gene
specificity. It was previously shown that different tetramers have different
DNA-binding affinities, and that different tetramers may prefer different
CArG-box distances for maximum binding (Melzer and Theißen, 2009;
Jetha et al., 2014). This offers the possibility to differentially regulate
target genes even in the absence of differential DNA-binding of MIKC-
type protein dimers (Georges et al., 2010).We are still in the early days of
exploring the developmental and evolutionary relevance of cooperative
DNA binding and FQC formation. Plants expressing mutant proteins
defective specifically in cooperative DNA binding will hopefully yield
additionally insights into how and why quartet formation is essential for
MIKC-type proteins to act as developmental switches.
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dimerization and tetramerization – constitutes an important
precondition for the origin and evolution of FQCs. But when did
such a K domain emerge? Even thoughMADS-box genes are present
in almost all eukaryotes (Gramzow and Theißen, 2010; Gramzow
et al., 2010), the most early diverging species in which MIKC-type
genes were identified belong to the charophytes (Fig. 3; Tanabe et al.,
2005); it is therefore presumed that the K domain is a synapomorphy
of streptophytes (charophytes and land plants) and emerged more
than 700 MYA (Kaufmann et al., 2005b; Gramzow and Theißen,
2010). How MIKC-type proteins from charophytes and early
diverging land plants (such as liverworts, mosses and ferns) interact
has not yet been investigated, and whether the ability to form FQCs
was already present when the K domain emerged in the MRCA of
extant streptophytes, or whether structural changes within the K
domain that occurred during early land plant evolution were required
still remains unresolved (Fig. 3). In any case, it appears reasonable
that the emergence of a DNA-binding MADS domain with a
dimerization and tetramerization enabling K domain was a key event
in plant evolution. It provided the common ancestor of streptophytes
or a major clade of land plants with the capacity to evolve efficient
developmental switches (see Box 4) and to dramatically diversify
these switches simply by gene duplications followed by mutations. It
is tempting to speculate, therefore, that the origin of MIKC-type
proteins and FQC formation have been important preadaptations to
the transition to land, or remarkable prerequisites for the evolution of
the complex body plans of land plants.
Box 5. The ‘nucleosome mimicry’ model of FQC action
We hypothesize that FQCs represent sequence-specific transcription factors with (half-) nucleosome-like properties that help to establish permissive
or repressive chromatin modifications at CArG-box-containing promoters. A permissive, gene-activating case is illustrated below. In the first step,
a nucleosome in inactive chromatin near to a transcription start site (TSS) is substituted by a FQC, resulting in a poised state of the chromatin. The
FQC can then recruit histone-modifying factors such as acetylases and methylases, leading eventually to recruitment of the basal transcriptional
machinery. The FQC and its co-factors may also be involved in substitution of a canonical nucleosome immediately upstream of the TSS (−1 position)
by a labile, non-canonical one with modified histones (such as H2A.Z and H3.3). For simplicity, only histone acetylation is shown as symbol of gene
activation here.
TSS
TSS
TSS
TSS
+1–2 –1
+1–2 –1
+1–2 –1
+1–2 –1
Ac
Ac
Ac
Ac
Canonical
nucleosome
Non-canonical
nucleosome
MIKC-type MADS-domain
protein tetramer
Histone-modifying
factors
Basal transcription
machinery
Ac
Ac
Ac
Ac
Acetylated nucleosome
?
?
Key
Ourmodel is based on similarities between FQCs on the one hand, and (half-) nucleosomes and the transcription factor NF-Y, whichmimics H2A/H2B-DNA
nucleosome assembly (Nardini et al., 2013), on the other hand. Both FQCs and half-nucleosomes are composed of tetramers of similar proteins. Moreover,
DNA might be wrapped around FQCs in a similar way as in nucleosomes, including similar loop sizes [about 42-94 base pairs in the case of FQCs and 86
(147:1.7) base pairs in the case of nucleosomes]. Like NF-Y, MADS-domain proteins insert a stretch of their sequence into the minor groove, and they bind
to remarkably similar DNA sequences (note that a CCAAT box, to which NF-Y binds, is one half of a perfect CArG-box). Also, DNA containing short AT-rich
sequences spaced by an integral number of DNA turns is easiest to bend around the nucleosome, and the same criterion is fulfilled by two CArG-boxes
separated by an integer number of helical turns, an arrangement known to facilitate FQC formation (Jetha et al., 2014). In fact, the central region of the CArG-
box largely resembles an ‘A-tract’ (sequence motif AnTm with n+m>3) and periodically spaced A-tracts outside the CArG-box have also been detected
(Muino et al., 2014). Thus, the DNA binding of FQCs and nucleosomes is facilitated by similar structural motifs.
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Conclusions
Much has been learned about FQCs and their role in plant
development in recent years. However, two major questions that
were not addressed by the original FQM remain largely unanswered.
First, how do FQCs acquire target gene specificity? Second, by what
molecular mechanisms do they activate or repress the expression of
their target genes? These topics are highly inter-related,with chromatin
structure and nucleosome activities providing an obvious link.
As is the case for many transcription factors, how MIKC-type
proteins achieve target gene specificity still represents a major
conundrum. The problem actually has at least two layers of
complexity. First, DNA-sequence elements similar to CArG-boxes
occur thousands of times in the A. thaliana genome, so that almost
every gene possesses a potential binding site for MIKC-type
transcription factors (de Folter and Angenent, 2006). This strongly
indicates that the CArG-box motif alone is not sufficient to explain
the target gene specificity of MIKC-type proteins. Second, all of the
at least 45 different MIKC-type proteins encoded in the A. thaliana
genome share the highly conserved DNA-binding MADS domain
(Parenicová et al., 2003) and studies indicate that, for many of these
proteins, DNA-binding specificity might be quite similar, although
subtle differences can be detected (Huang et al., 1996; Riechmann
et al., 1996). Yet, mutant phenotypes of different floral homeotic
genes (and other MIKC-type proteins) differ drastically, suggesting
a considerable level of target gene specificity among different floral
homeotic proteins. Indeed, recent investigations suggest a complex
picture in which the CArG-box sequence, structural features of the
CArG-box (e.g. a narrow minor groove, the number, distance and
orientation of CArG-boxes), sequences beyond the CArG-box and
transcriptional cofactors all play a role in FQC target gene
recognition (Melzer et al., 2006; Ó’Maoiléidigh et al., 2013; Jetha
et al., 2014; Muino et al., 2014; Yan et al., 2016). Chromatin
structure may also play a role in target site specificity. In line with
this, chromatin-remodelling and -modifying factors were identified
as interactors of MIKC-type proteins (Smaczniak et al., 2012b). For
example, A. thaliana AP1 was suggested to recruit the H3K27
demethylase RELATIVE OF EARLY FLOWERING 6 (REF6) to
the promoter of SEP3. This may explain the observed removal of the
H3K27me3 inhibitory histone mark and, consequently, activation
of SEP3, possibly by antagonizing Polycomb Group (PcG)-
mediated transcriptional repression (Smaczniak et al., 2012b). It
was also shown that AP1 and SEP3 bind to enhancer sites very early
during flower development and that chromatin accessibility changes
only subsequently, suggesting that SEP3 acts as a pioneer
transcription factor (PTF, see Glossary, Box 1) that modifies
chromatin accessibility (Pajoro et al., 2014). PTFs are by definition
able to bind to inaccessible, nucleosome-associated DNA sites, thus
creating an open chromatin environment that is permissive for the
binding of non-pioneer factors that can only bind to accessible sites
(termed ‘settlers’ if they almost always bind to sites matching their
DNA-binding motif, and ‘migrants’ if they are more selective, e.g.
because their binding requires co-factors) (Slattery et al., 2014;
Todeschini et al., 2014). This raises the question as to what enables
AP1 and SEP3 to function as PTFs. Jetha et al. (2014) calculated
that the ability of cooperative DNA binding of SEP proteins during
FQC formation could facilitate their invasion of nucleosomal DNA
and thus their activity as PTFs. It is also known that nucleosomes are
most efficiently ejected by DNA-binding proteins whose binding
sites are spaced by up to 74 bp from each other (Polach andWidom,
1996; Moyle-Heyrman et al., 2011); this distance is close to the
CArG-box distances for which the highest cooperativity was
observed by Jetha et al. (2014).
The analysis of nucleosome-mediated control of gene
expression has also provided clues into how FQCs might
function. Nucleosomes are composed of an octamer of H2A,
H2B, H3 and H4 histones, all of which are present in two copies,
wrapped around with DNA almost exactly 147 base pairs long.
However, nucleosomes are all but static systems, and chromatin is
frequently reorganized at multiple levels (Henikoff, 2008). For
example, nucleosomes near transcription start sites may
continuously cycle between a repressed canonical form and an
unstable, noncanonical form that contains histone variants such as
H2A.Z and H3.3 substituting the standard histones H2A and H3,
respectively (Soboleva et al., 2014). There is also experimental
evidence for the existence of subnucleosomal particles such as
half-nucleosomes that contain just one copy of H2A, H2B, H3 and
H4. Again, especially at the 5′ end of genes, such dynamic
nucleosomes may increase accessibility to transcription start
sites and transcription factor binding sites (Rhee et al., 2014).
Such dynamic half-nucleosomes (or even full nucleosomes)
bear similarities to FQCs and, based on these similarities, we
suggest a ‘nucleosome mimicry’model of FQC action. Specifically,
we hypothesize that FQCs represent sequence-specific transcription
factors with (half-) nucleosome-like properties that help to establish
permissive or repressive chromatin modifications at CArG-box-
containing promoters (see Box 5 for details). This molecular
mimicry might enable FQCs to evict nucleosomes from positions at
which they are already quite labile, e.g. promoter regions with
A-tracts (Henikoff, 2008) and hence to act as PTFs.
We hope that the ‘nucleosome mimicry’ model that we propose
here will be rigorously tested in the near future. We have the same
hope for the FQM itself and more general functions of FQCs. We
feel that FQCs provide a useful framework for studying many more
processes in plant development and evolution than just the
specification of floral organ identity.
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ABSTRACT 18 
Protein-protein interaction networks (PPIs) are usually scale-free networks that contain a 19 
small number of highly connected nodes (hubs) and many poorly connected nodes. However, 20 
the molecular mechanisms that underlie the promiscuous interactions of hub proteins remain21 
largely unknown. Here, we show that the floral homeotic MADS-domain transcription factor22 
SEPALLATA3 from Arabidopsis thaliana can act as a hub in the PPI controlling flower 23 
development because it contains leucine residues at inter- and intramolecular interaction 24 
interfaces. Comprehensive sequence analyses of diverse MADS-domain proteins indicate 25 
exceedingly high conservation of the identified leucine residues within SEPALLATA-26 
subfamily proteins, whereas non-hub MADS-domain proteins exhibit preferences for other 27 
amino acids at homologous sites. Our results indicate that the conservation of leucine residues 28 
at positions critical for protein-protein interactions contributed significantly to the present-day 29 
structure of the PPI and may have facilitated the evolution of the flower.30 
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Complexity of biological systems is often achieved by the combinatorial activity of a small 31 
number of factors 1. One important example are protein-protein interaction networks (PPIs) 32 
that are based on transcription factors (TFs) that act in a combinatorial manner to accomplish33 
the required degree of e.g. morphological complexity. PPIs are often scale-free networks.34 
They contain a small number of hub proteins with many interaction partners and a large 35 
number of poorly connected nodes. Though combinatorial control is of eminent importance 36 
for almost all developmental processes, the molecular determinants that are underlying the37 
specific combinatorial interactions remain poorly understood. This is especially true for 38 
protein-protein interactions among TFs belonging to the same family. The respective TFs are 39 
often very similar in terms of sequence and biochemical properties yet fulfill highly distinct 40 
and specific functions which are at least partially determined by distinct protein-protein 41 
interactions. The PPI controlling flower development in angiosperms is a good case in point.42 
Floral organ specification is regulated by so called floral quartets which are organ specific 43 
tetrameric complexes of MIKC-type MADS-domain TFs bound to two adjacent DNA-binding 44 
sites while looping the DNA to regulate target genes 2, 3, 4, 5, 6, 7. In the model plant species 45 
Arabidopsis thaliana the floral homeotic protein SEPALLATA3 (SEP3) together with its46 
paralogs SEP1, SEP2 and SEP4 from the closely related LOFSEP-subfamily bears a central 47 
role by forming tetrameric complexes with numerous other MIKC-type MADS-domain TFs 5, 48 
8, 9, 10. The four SEP proteins act in a largely redundant manner but in agreement with their 49 
central position in the PPI controlling flower development sep multiple mutants show severe 50 
developmental defects 3, 4. sep1 sep2 sep3 triple mutant plants develop sepals from primordia 51 
that would normally develop into petals, stamens and carpels and sep1 sep2 sep3 sep452 
quadruple mutants develop vegetative leaves instead of floral organs 3, 4. 53 
Among the four SEP genes, SEP3 has been studied best 5, 6, 8, 9, 11, 12. Beyond the formation of 54 
complexes that determine floral organ identity SEP3 is also involved in controlling flowering 55 
time, floral transition and ovule development 8, 11, 13, 14. It does therefore constitute one of the 56 
major hub proteins within the PPI controlling reproductive development 8, 9, 11, 13. However, it 57 
is unclear which biochemical and biophysical properties enable SEP3 to interact with 58 
numerous partners whereas other MIKC-type MADS-domain TFs show a much narrower 59 
interaction spectrum. For example, the floral homeotic proteins APETALA3 (AP3) and 60 
PISTILLATA (PI) from A. thaliana that are involved in the developmental specification of 61 
petals and stamens do only form obligate heterodimers and require SEP proteins for tetramer62 
formation 5, 8, 15.63 
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The protein-protein interactions that allow for tetramer formation are mainly mediated by the 64 
about 80 amino acids long keratin-like domain (K-domain), which is shared by all MIKC-type 65 
MADS-domain TFs 5, 16, 17. The amino acid sequence within the K-domain of most MADS-66 
domain proteins shows three characteristic heptad repeat patterns (K1-; K2-; K3-subdomain 67 
repeat) of the form [abcdefg]n, where most ‘a’ and ‘d’ positions are occupied by highly 68 
hydrophobic residues 16, 17, 18. This sequence feature is typical for coiled-coils, a common and 69 
intensively studied type of protein-protein interaction domains 19, 20, 21, 22 (Fig. 1). Within a 70 
coiled-coil, an α-helix is formed and the amino acids on heptad repeat ‘a’ and ‘d’ positions 71 
form a stripe of hydrophobic residues that runs along the α-helix and facilitates hydrophobic 72 
interaction with a partner coiled-coil 20, 21. 73 
Recently the crystal structure of the complete K-domain of SEP3 was reported 23. Based on 74 
the crystal structure, the K-domain forms two amphipathic α-helices separated by a kink 75 
region which prevents intramolecular association of both helices. Helix one comprises the 76 
first heptad repeat (K1-subdomain) and is involved in dimerisation of two SEP3 monomers. 77 
Helix two spans heptad repeat two (K2-subdomain) that further stabilizes the interaction of 78 
two SEP3 monomers and heptad repeat three (K3-subdomain) which constitutes an interface 79 
for the interaction of two SEP3 dimers i.e. tetramerisation (Fig. 1). In this study, we determine80 
sequence features that enable SEP3 to form tetrameric complexes and identify the amino acid 81 
patterns that distinguish members of the SEP3- and LOFSEP-protein subfamilies (termed SEP 82 
subfamily henceforth for simplicity) from other MIKC-type MADS-domain TFs with more 83 
restricted interaction capabilities. Our data suggest that leucine residues at intramolecular 84 
contact points and at the interaction interface of the K3-subdomain are indispensable for 85 
tetrameric complex formation. Those leucines are highly conserved in the SEP subfamily but 86 
much less frequent in e.g. AP3- and PI-subfamily MIKC-type MADS-domain TFs. They may 87 
thus be a critical denominator that determines the ability of SEP-subfamily proteins to act as a 88 
hub protein in the scale free PPI controlling flower development.89 
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RESULTS 90 
Leucine residues in the K-domain strongly influence cooperative DNA-binding of SEP3 91 
To investigate the relevance of the different K-subdomains for cooperative DNA-binding and 92 
tetramer formation, single and double amino acid substitutions to proline were performed. 93 
Proline was chosen because it is known to possess helix-breaking properties 24, 25. For each of 94 
the three K-subdomains two substitution mutants were created (Fig. 2a, Supplementary95 
Fig. 1). Based on coiled-coil predictions one substitution mutant was supposed to destroy the 96 
K-subdomain coiled-coil (L115P for K1-, L131P-L135P for K2- and L164P for K3-97 
subdomain, respectively) whereas the other one was expected to not alter the formation of the 98 
respective coiled-coil (S94P (K1); L145P (K2); G178P (K3)). Beyond the three K-99 
subdomains, we also introduced proline substitutions at positions occupied by two conserved100 
hydrophobic amino acids in the interhelical region between the K1- and the K2-subdomain101 
(L120P and L123P, Fig. 2a) because positions homologous to L120 and L123 have been 102 
shown to be important for the interaction of MADS-domain proteins 17. 103 
We used electrophoretic mobility shift assays (EMSAs) to study the DNA-binding and 104 
tetramerisation behavior of the mutant SEP3 proteins. Based on previous studies it is known 105 
that SEP3 binds as homodimer to a DNA-element termed CArG-box (for CCArichGG; 106 
consensus sequence 5’-CC(A/T)6GG-3’) and that four SEP3 proteins bind to a DNA probe 107 
containing two CArG-boxes 6. To first investigate whether DNA-binding affinities of 108 
individual dimers were affected by the different amino acid substitutions, we performed 109 
saturation binding EMSA experiments using increasing amounts of a DNA probe containing 110 
only one CArG-box together with constant amounts of protein as previously described 12. The 111 
estimated affinities for binding of the altered SEP3 proteins to a single DNA-binding site 112 
varied slightly but did not considerably differ from the values obtained for SEP3 wild type 113 
protein (Supplementary Fig. 2, Supplementary Table 1), indicating that the different amino 114 
acid substitutions did not or only marginally affect DNA-binding of individual dimers.115 
If increasing amounts of SEP3 were incubated together with constant amounts of a DNA 116 
probe containing two CArG-boxes, three bands of different electrophoretic mobility were 117 
observed (Fig. 2b left side). As determined previously 6 the band of high electrophoretic 118 
mobility constitutes unbound DNA (indicated with ‘0’ in Fig. 2b), the band of intermediate 119 
electrophoretic mobility constitutes a DNA probe bound by two SEP3 proteins (‘2’) and the 120 
band of low electrophoretic mobility constitutes a DNA probe bound by four SEP3 121 
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proteins (‘4’). By analyzing the signal intensities of the three different fractions the ability of 122 
SEP3 to form DNA-bound tetrameric complexes can be quantified and expressed via the123 
cooperativity constant kcoop (equation (4) in Methods). kcoop equals 1 for non-cooperative 124 
binding and increases with increasing tetramer formation capabilities of the examined protein.125 
SEP3 wild type protein always showed a highly cooperative DNA-binding although the126 
degree of cooperativity varied between different experiments and was slightly higher than 127 
previously estimated 6, 12, probably owing to difficulties to precisely determine high kcoop128 
values (Fig. 2b and d, Supplementary Table 1).129 
In contrast to the wild type protein, all of the leucine-to-proline substitution mutants of SEP3 130 
(L115P; L120P-L123P; L131P-L135P; L145P; L164P) showed a considerably reduced ability 131 
to bind cooperatively to DNA in vitro, independent of whether the formation of coiled-coils 132 
was predicted to be affected or not (Fig. 2c and d, Supplementary Table 1). Only the two133 
proline substitutions S94P and G178P, located at the N- and C-terminal borders of the K-134 
domain, respectively, did not strongly reduce cooperative binding of SEP3.135 
To test the effect of amino acid substitutions that are supposed to have a less severe effect on 136 
helix formation than proline, we substituted a subset of the previously selected leucines137 
(L115; L145; L164) by alanine. Surprisingly, of these 3 substitutions only L145A showed a 138 
cooperative DNA-binding ability comparable to that of SEP3 wild type protein, whereas 139 
substitutions L115A and L164A caused an almost complete loss of cooperative DNA-binding,140 
comparable to the proline substitutions at the respective positions (Fig. 2d, Supplementary 141 
Table 1). We further substituted position L164 by three additional amino acids (L164E; 142 
L164W; L164I) comprising glutamate and tryptophan which occur at position 164 in several 143 
members of the SEP subfamily and isoleucine which has very similar physicochemical144 
properties to leucine. However, none of the resulting mutants was able to approach SEP3 wild 145 
type cooperative binding strength (Fig. 2d, Supplementary Table 1). Our results indicate that146 
the examined leucine residues are of critical importance for tetramer formation and 147 
cooperative binding of SEP3.148 
Within the [abcdefg]n heptad repeat of the K3-subdomain of SEP3 two neighboring ‘a’149 
positions (E161; N168) are not occupied by hydrophobic amino acids. Substituting these 150 
positions by leucine (E161L-N168L) resulted in a higher probability for the formation of the 151 
K3-subdomain coiled-coil in silico (Supplementary Fig. 1). The respective mutant protein152 
showed a cooperativity at least as high as the wild type protein in EMSAs. In contrast to the 153 
wild type protein, repeated measurements yielded kcoop values that consistently were above 154 
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200 (Fig. 2d, Supplementary Table 1). In fact, in none of the performed EMSAs a signal of a 155 
DNA probe bound by only one protein dimer was detected, an observation that was different 156 
from the other proteins for which high cooperativity in DNA-binding was detected (e.g. 157 
SEP3-WT and SEP3-L145A) indicating that cooperative binding was increased by the 158 
E161L-N168L substitutions (Supplementary Fig. 3). Surprisingly, when we performed 159 
saturation binding EMSA experiments using increasing amounts of a DNA probe containing 160 
only one CArG-box the mutant protein SEP3-E161L-N168L exhibited no binding of 161 
individual dimers. Instead a signal of low electrophoretic mobility occasionally occurred for 162 
high amounts of applied DNA probe that might constitutes a protein DNA complex consisting 163 
of more than two proteins (Supplementary Fig. 4).164 
Mutations in a distantly related ortholog of SEP3 have very similar effects on 165 
cooperative DNA-binding as in SEP3166 
The SEP3 ortholog AMtrAGL9 from the early diverging angiosperm Amborella trichopoda 15167 
forms homotetrameric protein-DNA complexes with a cooperative binding affinity 168 
comparable to SEP3 (Fig. 2e, Supplementary Fig. 5). AMtrAGL9 amino acid position I141 is 169 
homologous to SEP3 L145 and is thus located in the K2-subdomain heptad repeat of 170 
AMtrAGL9 (Fig. 2a). Substitution to alanine at that position interfered to some extend with 171 
cooperative binding capabilities whereas substitution to proline at position I141 results in an 172 
almost complete loss of cooperative binding (Fig. 2e, Supplementary Table 1). If amino acid 173 
position L160 of AMtrAGL9, which is homologous to position L164 in the center of the K3-174 
subdomain of SEP3, is exchanged by proline or alanine, the ability of AMtrAGL9 to 175 
cooperatively bind to DNA is almost completely lost in either case, a behavior that is similar 176 
to that observed for SEP3 (compare Fig. 2d and e).177 
Interacting sites are more often occupied by leucine in SEP-subfamily proteins than in 178 
proteins of other MIKC-type subfamilies179 
The importance of leucine residues for the tetramerisation ability of SEP3 and AMtrAGL9 180 
raised the question as to which extent these positions are conserved within the SEP subfamily 181 
and which amino acid preferences members of other MIKC-type protein subfamilies show at 182 
homologous sites. We therefore created a multiple sequence alignment based on 1,325183 
sequences of MIKC-type MADS-domain proteins belonging to 14 subfamilies and 184 
comprising sequences from a diverse array of seed plants. Despite the high evolutionary 185 
distance of the sampled taxa, the sequences aligned almost without gaps throughout the 186 
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complete K-domain (i.e. without potential insertions or deletions). The only exception were 187 
PI-subfamily protein sequences, among which a deletion of four amino acids within the C-188 
terminal half of the K-domain was very common. This deletion within the PI-linage most 189 
likely occurred after early diverging angiosperms branched off, as most of the sampled PI-190 
subfamily sequences from early diverging angiosperms still possess those four amino acids.191 
We first compared the conservation of sites that are homologous to the 15 residues that (based 192 
on the crystal structure of SEP3) mediate the hydrophobic intra- and intermolecular 193 
interactions in the SEP3 homotetramer 23 to the overall conservation of the K-domain. We194 
found that within the SEP3 subfamily, sites that are homologous to interacting sites in the 195 
SEP3 homotetramer are significantly less variable than the remaining residues of the K-196 
domain (Fig. 3a). This conservation pattern also holds true for sequences of all other 13 197 
subfamilies of MIKC-type MADS-domain proteins (Fig. 3b, Supplementary Fig. 6a) as well 198 
as for sequences from gymnosperms to core eudicots (Supplementary Fig. 6b). Beyond this 199 
similar pattern of conserved positions also the amino acid properties in terms of 200 
hydrophobicity at homologous sites appear highly similar among all examined subfamilies 201 
(Supplementary Fig. 7), suggesting that the overall structure of the K-domain as determined 202 
for SEP3 is conserved among MIKC-type proteins of most if not all subfamilies and 203 
throughout seed plants.204 
Next we analyzed the amino acid distribution at sites homologous to the 12 leucine residues 205 
(L101, L108, L115, L120, L123, L128, L131, L135, L154, L157, L164 and L171) that206 
contribute to inter- and intramolecular interactions in a SEP3 homotetramer (Fig. 4a) 23. All 207 
these residues were found to be highly conserved within the 78 examined SEP3-subfamily208 
sequences; 8 out of 12 positions were completely invariable (Fig. 4b). In contrast to this,209 
members of other subfamilies (e.g. AP3- and PI-subfamily proteins) often show preferences 210 
for other amino acids on equivalent sites (Fig. 4b, Supplementary Fig. 8). Especially positions 211 
equivalent to L154, L157 and L164 of SEP3 that are located within the center of the 212 
tetramerisation interface are often not occupied by leucines in AP3- and PI-subfamily 213 
proteins. The high conservation of leucines also becomes apparent within LOFSEP-subfamily 214 
proteins (comprising SEP1, SEP2 and SEP4 from A. thaliana) which form the sister group of 215 
SEP3-subfamily proteins and that are assumed to function in a mostly redundant manner with216 
SEP3 during flower development (Fig. 4c) 3, 4, 10. The closest relatives of the SEP subfamily 217 
are AGL6-subfamily proteins followed by AP1-subfamily proteins 26. However, despite the 218 
close relationship AGL6- as well as AP1-subfamily proteins display a considerably lower219 
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leucine frequency especially on sites within the tetramerisation interface (Fig. 4c,220 
Supplementary Fig. 8). Instead, these positions are more frequently occupied by other 221 
hydrophobic amino acids such as isoleucine and methionine. It has previously been shown 222 
that within a coiled-coil, leucine packs very well at heptad repeat ‘d’ positions and enables the 223 
formation of a tight dimeric coiled-coil as it becomes apparent in a leucine-zipper 22, 27. In 224 
contrast other hydrophobic amino acids such as isoleucine or valine lead to steric hindrance at 225 
heptad repeat ‘d’ positions 22 (Fig. 4d).226 
Insertion of leucine residues into the K3-subdomain of AP3 facilitates 227 
homotetramerisation of the chimeric protein SEP3AP3chim228 
Based on our data we hypothesized that the overall structure of the K-domain is conserved 229 
throughout most if not all subfamilies of MIKC-type MADS-domain proteins and that 230 
preferences for different amino acids on interacting sites account for subfamily specific 231 
interaction patterns. We aimed to test our hypothesis with help of the chimeric protein 232 
SEP3AP3chim, in which we substituted the K3-subdomain (i.e. tetramersiation interface) of233 
SEP3 (residues 150-181) by the homologous sites of AP3 (Fig. 5a and b). AP3 is known to 234 
form obligate heterodimers with PI and is thus not able to form DNA-binding homodimers or 235 
homotetramers 28, 29. As expected, the chimeric protein SEP3AP3chim showed a complete loss of 236 
homotetramerisation capabilities compared to SEP3 wild type protein in EMSA experiments 237 
(Fig. 5c and d right side, Supplementary Table 1). Although the K3-subdomains of SEP3 and 238 
AP3 share only four identical residues at homologous sites the sequence similarity in terms of 239 
hydrophobicity on most heptad repeat ‘a’ and ‘d’ positions is comparatively high (Fig. 5a).240 
However, two heptad repeat ‘d’ positions occupied by leucine in SEP3 (L157 and L164) are 241 
occupied by threonine and glutamine in AP3, respectively (Fig. 5a). Both leucines are highly 242 
conserved throughout SEP3-subfamily proteins whereas homologous sites in AP3-subfamily 243 
proteins are almost exclusively occupied by residues other than leucine (Fig. 4b). We thus 244 
substituted positions T157 and Q164 of the chimeric protein by leucine and tested the ability 245 
of the resulting mutants to form homotetramers. Both single amino acid substitutions could 246 
not improve tetramerisation ability of the chimeric protein (Supplementary Table 1).247 
However, the insertion of both leucine residues into the K3-subdomain of SEP3AP3chim248 
sufficed to fully ‘restore’ the ability to form DNA-binding homotetramers (Fig. 5e right side).249 
Visualizing the amino acid sequence of the tetramerisation interface of SEP3 and AP3 in a 250 
helical wheel diagram illustrates how residues M150, L157, L164 and L171 form a strong 251 
hydrophobic stripe within the tetramerisation interface of SEP3, whereas the hydrophobic 252 
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stripe is interrupted by threonine and glutamine in AP3 (Fig. 5c and d left side). Substituting 253 
both residues by leucine closes the gap within the hydrophobic stripe and most likely thereby254 
facilitates homotetramerisation (Fig. 5e left side).255 
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DISCUSSION 256 
Tetramer formation among MIKC-type MADS-domain transcription factors is of central 257 
importance for flower development 5, 7, 8, 9, 30. However, knowledge about the molecular 258 
determinants facilitating tetramer formation remains scarce. Our data indicate that substitution 259 
of leucines in the K-domain of SEP3 did almost invariably lead to a strong reduction in 260 
tetramer formation abilities (Fig. 2). This was expected for leucine to proline substitutions 261 
within the helical regions of the K-domain as proline has helix-breaking properties. However, 262 
also the rather conservative substitution from leucine to alanine in the tetramerization 263 
interface (L164A) affected cooperative binding and tetramerization strongly. Similar results 264 
have been obtained for substituting other leucine residues in the tetramerization interface by 265 
alanine 23. 266 
The question arises as to why specifically leucine residues are favoured over other 267 
hydrophobic amino acid residues. The tetramerization interface forms coiled-coils and it is 268 
well established that complex ‘knobs-into-holes’ side chain interactions within the 269 
hydrophobic core determine the strength of the interaction between coiled-coils 19. Numerous 270 
studies on energetic contributions of different hydrophobic amino acids inside the 271 
hydrophobic core revealed that β-branched amino acids (e.g. isoleucine or valine) as well as 272 
amino acids with small side chains (e.g. alanine) in heptad repeat ‘d’ positions have a strong 273 
destabilizing effect on formation of parallel dimeric coiled-coils 27, 31. The local 274 
stereochemical environment at heptad repeat ‘d’ positions instead strongly favours γ-branched 275 
amino acids for intermolecular interactions, making leucines uniquely suited at these sites 22,276 
27, 29, 31. This is in line with the observation that L145, which is located at a heptad repeat ‘d’277 
position but according to structural data not involved in intermolecular interactions 23 can be 278 
mutated to alanine without a decrease in tetramer formation capabilities. In contrast, L164 279 
(also at a heptad repeat ‘d’ position but involved in intermolecular interactions) mutation to 280 
alanine leads to a strong decrease in tetramerization. In addition, L145 is by far not as 281 
conserved as leucines involved in interactions (Supplementary Fig. 8).282 
A decrease in tetramer formation was also observed for substitution of leucines in the kink 283 
region between the two helices, where an effect on helix formation was not predicted 284 
(Supplementary Fig. 1). However, although the leucine residues in the kink are not directly 285 
involved in tetramer formation, they interact intramolecularly with each other to stabilize the 286 
kink and thus bring the tetramer interface in a favourable position for protein-protein 287 
interactions 23. It is likely that substitutions to proline or alanine in the kink region altered or 288 
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destabilized the orientation of the tetramerisation interface and thus impeded tetramer 289 
formation indirectly. Similar to the leucines at interacting sites within the helical regions of 290 
the K-domain stereochemical restrictions may also in this case favour leucines over other 291 
hydrophobic amino acids. This may explain why the L115A mutation in the kink region,292 
which presumably only affects intramolecular interactions, caused a decrease in tetramer 293 
formation capabilities.294 
Taken together, these findings indicate that inter- and intramolecular hydrophobic interactions 295 
specifically among leucines are of critical importance for SEP3 homotetramerization. This296 
principle does very likely apply to the entire subfamily of SEP proteins, as leucines at 297 
interaction positions are evolutionarily highly conserved throughout this subfamily (Fig. 4). 298 
The evolutionary conserved and important role of leucines is further highlighted by the 299 
observation that in the SEP3 ortholog AMtrAGL9 from A. trichopoda leucines at positions 300 
homologous to those in SEP3 were also of critical importance for tetramer formation (Fig. 2).301 
The K-domain is the second highest conserved domain of MIKC-type proteins (the most 302 
highly conserved domain is the MADS-domain) 32. Previous structural predictions indicated 303 
that the K-domain is forming coiled-coils in most if not all MIKC-type proteins 18, 23, 33. Our 304 
analyses indeed strongly support this view. The chemical properties of amino acids that are of 305 
importance for intra- and intermolecular interactions in SEP3 are conserved in MIKC-type 306 
proteins from all of the 14 subfamilies analysed here. This indicates that most K-domains fold 307 
in a structure similar to that determined for SEP3 and that residues that are homologous to 308 
interacting sites in the SEP3 homotetramer may also constitute intra- and intermolecular 309 
contact points in most other protein family members.310 
However, although the chemical properties of amino acids important for interactions were 311 
conserved in subfamilies other than SEP, their identity was not always. Whereas the vast 312 
majority of leucine residues important for intra- and intermolecular interactions is highly 313 
conserved within the SEP subfamily, leucine residues are observed at a clearly lower 314 
frequency in other subfamilies (Fig. 4, Supplementary Fig. 4). This indicates that, although 315 
the overall structure of the K-domain is conserved in all MIKC-type proteins, their 316 
tetramerization capabilities may vary depending on the presence of leucines on critical 317 
interaction sites. For example, AP3 and PI, who do not possess leucines on all inter- and 318 
intramolecular contact points, are unable to form tetramers not involving SEP3 5, 9. Indeed, the 319 
K3-subdomain of AP3, which is not capable of mediating homotetramer formation, gained 320 
this ability when placed in the SEP3 protein context and two leucines were introduced 321 
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(Fig. 4). Thus, we speculate that leucines at intra- and intermolecular contact points may not 322 
only be necessary but also sufficient for tetramer formation of MIKC-type proteins.323 
Intriguingly, the high conservation of leucines in the K-domain of SEP-subfamily proteins 324 
and their importance for homotetramer formation correlates very well with the crucial 325 
function of those proteins as hubs within the PPI controlling flower development. In addition, 326 
proteins like AP3 and PI that have less central positions within the interaction network also 327 
lack leucines at several positions critical for tetramerization. It thus appears plausible that 328 
leucines in SEP-subfamily proteins are not only important for homotetramer formation but 329 
also play a pivotal role in the formation of heterotetrameric complexes. For example, though a 330 
lack of leucines in the kink region of many MIKC-type proteins may destabilizes the331 
orientation of the teramerization interface and prevents homotetramer formation, the high 332 
structural stability of the K-domain of SEP-subfamily proteins that is brought about by 333 
intramolecular leucine interactions may serve as a scaffold that helps to align the interaction 334 
interface of partner proteins and hence facilitate heterotetramer formation.335 
The pattern of leucines at the tetramerization interface may be explained in a similar manner. 336 
Though data on the interaction of leucines at heptad repeat ‘d’ positions with other amino 337 
acids at ‘d’ positions in a heteromeric coiled-coil are scarce, data from leucine zippers 338 
indicate that beyond leucine-leucine interactions also interactions of leucines with a number 339 
of other amino acids are more favourable than most other interactions not involving any 340 
leucine 34. 341 
Taken together, we propose that the leucine residues in SEP-subfamily proteins serve to 342 
facilitate heterotetrameric interactions while at the same time the absence of leucines in the 343 
interaction partners prevents homotetramer formation or formation of heterotetramers not 344 
involving SEP-subfamily proteins. This way, SEP-subfamily proteins could act as hubs in the 345 
scale free PPI controlling flower development: tetramerization of many proteins depends on 346 
them and probably cannot occur in the absence of SEP-subfamily proteins.347 
We previously proposed that the dependence of other MIKC-type proteins on SEP-subfamily 348 
proteins for tetramer formation facilitated the concerted development of the different floral 349 
organs and the evolution of the flower as a single reproductive entity 15. The evolutionary 350 
conservation of leucines in the SEP subfamily as opposed to most other subfamilies may be 351 
thus one important molecular mechanism that fostered the evolution of the flower.352 
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Importantly, however, coiled-coil interactions are very complex, with amino acids occupying 353 
heptad repeat ‘a’, ‘d’, ‘e’ and ‘g’ position playing key roles in determining the affinity and 354 
specificity of an interaction 20, 21, 35 and we are far from completely understanding the 355 
implications of sequence variations on the different positions for MIKC-type protein 356 
interactions. For example, polar and charged residues are observed at heptad repeat ‘d’357 
positions in a number of MIKC-type protein subfamilies and those would be expected to not 358 
only hinder homotetramerization but also heterotetramerization with SEP-subfamily proteins.359 
Furthermore, subfamily specific patterns of charged residues at heptad repeat ‘e’ and ‘g’360 
positions can be observed that may account for differences in interaction specificity. Although 361 
our findings bring us one step closer towards solving the code for floral quartet-like complex 362 
formation, additional structural and biophysical analyses are required to more completely 363 
understand the molecular mechanisms and evolutionary patterns of MIKC-type protein 364 
interactions. This will eventually also lead to a better understanding as to why this 365 
transcription factor family expanded in seed plants and plays a role in virtually every 366 
reproductive developmental process.367 
368 
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METHODS 369 
Cloning procedures and site-directed mutagenesis.370 
The plasmids for in vitro transcription/translation of SEP3, AP3, PI and AMtrAGL9 (pTNT-371 
SEP3, pSPUTK-AP3, pSPUTK-PI and pSPUTK-AMtrAGL9) have been generated 372 
previously 6, 15. The cDNA sequences for the single- and double amino acid substitution 373 
mutants of SEP3 were created by site-directed mutagenesis PCR according to the Q5 Site-374 
Directed Mutagenesis Manual (New England Biolabs). The cDNA sequence for the chimeric 375 
protein SEP3AP3chim was created by megaprimer-mediated mutagenesis PCR for domain 376 
substitutions according to 36. 377 
Design of DNA probes and radioactive labeling.378 
Design and preparation of DNA probes have been described previously 6. The CArG-box 379 
sequence 5’-CCAAATAAGG-3’ that was used for all DNA probes was derived from the 380 
regulatory intron of AGAMOUS. For studies on homotetramer formation a 151 nt long DNA 381 
probe was used that contained two CArG-boxes in a distance of 63 bp, i.e. 6 helical turns 382 
(sequence: 5’- TCGAG GTCGG AAATT TAATT ATATT CCAAA TAAGG AAAGT383 
ATGGA ACGTT CGACG GTATC GATAA GCTTG ATGAA ATTTA ATTAT ATTCC384 
AAATA AGGAA AGTAT GGAAC GTTAT CGAAT TCCTG CAGCC CGGGG GATCC385 
ACTAG TTCTA G -3’, CArG-box sequences are underlined). Saturation binding assays to 386 
quantify dimer binding affinities were performed with a 51 nt long DNA probe harboring a 387 
single CArG-box in the center (sequence: 3’- AATTC GAAAT TTAAT TATAT TCCAA388 
ATAAG GAAAG TATGG AACGT TGAAT T- 5’, CArG-box sequence is underlined). The 389 
DNA probes were radioactively labeled via Klenow fill-in reaction of 5’-overhangs with [α-390 
32P] dATP.391 
In vitro transcription/translation and electrophoretic mobility shift assay.392 
Proteins were produced in vitro using the TNT SP6 Quick Coupled Transcription/Translation 393 
System (Promega) according to the manufacturer’s instructions and used directly without 394 
freezing and thawing. The composition of the protein-DNA binding reaction buffer was 395 
essentially as described 37, with final concentration of 1.6 mM EDTA, 10.3 mM HEPES, 396 
1 mM DTT, 1.3 mM spermidine, 33.3 ng/μl Poly dI/dC, 2.5 % CHAPS, 4.3 % glycerol, and a 397 
minimum of 1.3 μg/μl BSA. The amounts of protein, DNA probe and BSA were varied 398 
according to the performed assay. For cooperative DNA-binding studies to infer tetramer 399 
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formation capabilities a constant amount of 0.1 ng of a DNA probe containing two CArG-400 
boxes in a distance of six helical turns was co-incubated with variable amounts of in vitro401 
translated protein ranging from 0.05 μl to 3 μl. Variable amounts of applied in vitro translated 402 
protein were compensated by adding appropriate volumes of BSA (10 μg/μl). For saturation 403 
binding assays to quantify dimer binding affinities a constant amount of 2 to 5 μl in vitro404 
translated protein was co-incubated with variable amounts of a DNA probe containing one 405 
CArG-box in the center, ranging from 0.05 to 32 ng as previously described in 12. Binding 406 
reactions had a total volume of 12 μl, were incubated overnight at 4°C and subsequently 407 
loaded on a polyacrylamide (5 % acrylamide, 0.1725 % bisacrylamid) 0.5x TBE gel that has 408 
been pre-run for 30 min. The gel was run with 0.5x TBE buffer for 2.5 h at 7.5 V/cm and 409 
afterwards dried and exposed onto a phosphorimaging screen to quantify signal intensities.410 
Quantification of cooperative DNA-binding. 411 
For each lane of the EMSA gel relative signal intensities of all fractions were measured using 412 
Multi Gauge 3.1 (Fujifilm). The equations that were used to quantify the ability for 413 
cooperative DNA-binding of two dimers to a DNA probe carrying two CArG-boxes have 414 
been described previously 6, 38. Briefly, if the relative concentration of unbound DNA probe 415 
[Y0] (signal of high electrophoretic mobility), a DNA probe bound by two proteins [Y2]416 
(signal of intermediate electrophoretic mobility), and a DNA probe bound by four proteins 417 
[Y4] (signal of low electrophoretic mobility) are described as a function of applied protein 418 
[P2],419 
ሾ଴ሿ ൌ  ଵଵା൬ మೖ೏భ൰ൈሾ୔ଶሿା൬
భ
ೖ೏భൈೖ೏మ
൰ൈሾ୔ଶሿమ
    (1) 420 
ሾଶሿ ൌ 
൬ మೖ೏భ൰ൈሾ୔ଶሿ
ଵା൬ మೖ೏భ൰ൈሾ୔ଶሿା൬
భ
ೖ೏భൈೖ೏మ
൰ൈሾ୔ଶሿమ
    (2)421 
ሾସሿ ൌ 
൬ భೖ೏భൈೖ೏మ൰ൈሾ୔ଶሿ
మ
ଵା൬ మೖ೏భ൰ൈሾ୔ଶሿା൬
భ
ೖ೏భൈೖ೏మ
൰ൈሾ୔ଶሿమ
    (3)422 
then kd1 is the dissociation constant for binding of a protein dimer to a DNA probe with two 423 
unoccupied binding sites and kd2 is the dissociation constant for binding of a second protein 424 
dimer to a DNA probe where one of the two binding sites is already occupied. By nonlinear 425 
regression of the measured signal intensities of the three fractions to equation (1) to (3), kd1426 
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and kd2 were estimated using GraphPad Prism 5 (GraphPad Software). As we used in vitro427 
transcription/translation for protein production, the exact protein concentrations were 428 
unknown. Therefore the amount of applied in vitro transcription/translation mixture was used 429 
as proxy for [P2], as previously described 6. As a result of the unknown protein concentrations 430 
the estimated values for kd1 and kd2 depend on the in vitro transcription/translation efficiency 431 
and can only be considered as relative values. However, estimating a cooperativity constant 432 
kcoop (defined as the ratio of kd1 and kd2) is still possible:433 
݇௖௢௢௣ ൌ  ௞೏భ௞೏మ      (4)434 
As described earlier, kcoop values of ≈ 200 were the upper limit that could be determined with 435 
our experimental setup 12.436 
Saturation binding assay. To estimate the dissociation constant for binding of a protein 437 
dimer to a single DNA-binding site kd, saturation binding assays with a DNA probe carrying a 438 
single CArG-box were performed. The equation that was used to infer kd has been described 439 
previously 12. kd can be defined as 440 
݇ௗ ൌ  ሺሾ୔౪ሿିሾ୔ୈሿሻൈሾୈሿሾ୔ୈሿ     (5)441 
with [PD], [Pt], and [D] being the concentration of the protein-DNA complex, total protein, 442 
and unbound DNA probe, respectively. By expressing [PD] as a function of [D] for increasing 443 
concentrations of applied DNA probe, [Pt] and kd were determined via nonlinear regression 444 
using GraphPad Prism 5.445 
Multiple sequence alignments and in silico sequence analysis.446 
For analyses on amino acid preferences of different MIKC-type MADS-domain protein 447 
subfamilies throughout the K-domain a comprehensive sequence collection was compiled. 448 
Via BLAST search 39 representatives of all 14 subfamilies 40, 41 of MIKC-type proteins present 449 
in A. thaliana (AP1-, AP3-, PI-, AG-, ABS-, SEP3-, LOFSEP-, AGL6-, AGL12-, AGL15-,450 
AGL17-, FLC-, TM3-, and SVP-subfamily) were collected using the amino acid sequences of 451 
A. thaliana AP1, AP3, PI, AG, ABS, SEP3, SEP1, AGL6, AGL12, AGL15, AGL17, FLC, 452 
SOC1, and SVP, respectively, as query. To cover a broad set of species, six individual453 
searches were performed for each subfamily. Each of those searches was restricted to a 454 
different group of seed plants: core eudicots, early diverging eudicots, monocots, magnoliids, 455 
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early diverging angiosperms, and gymnosperms. For sequences from core eudicots the search 456 
queries were restricted to asterids (BLAST tax-ID: 71274), Dilleniaceae (24942),457 
Caryophyllidea (108240), Santalales (41947), Berberidopsidales (403664), Saxifragales 458 
(41946), rosids (71275), and Gunnerales (232382); for sequences from early diverging 459 
eudicots the search queries were restricted to Proteales (232378), Buxales (280577), and 460 
Ranunculales (41768); for sequences from monocots and magnoliids, respectively, the queries 461 
were restricted to the corresponding predefined organism groups implemented in BLAST 462 
(tax-ID: 4447 and 232347, respectively); for sequences from early diverging angiosperms the 463 
queries were restricted to Austrobaileyales (82956), Hydatellaceae (178426), Nymphaeales 464 
(261007), and Amborella (13332); and for sequences from gymnosperms the queries were 465 
restricted to Gnetales (3378), Pinaceae (3318), Taxaceae (25623), Cephalotaxus (50178),466 
Cupressaceae (3367), Araucariaceae (25664), Podocarpaceae (3362), Ginkgoales (3308), and 467 
Cycadales (3297). For each of the 84 resulting BLAST searches the amino acid sequences of 468 
all hits were downloaded (if more than 100 sequences were found, only top 100 hits according 469 
to the total score calculated by BLAST were downloaded). The results of all BLAST searches 470 
were combined into a single data set, all completely redundant sequences as well as all 471 
sequences that did not constitute MIKC-type proteins were removed and the remaining 472 
sequences were aligned with Mafft applying E-INS-i mode using Jalview 42, 43. The subfamily 473 
assignment of each sequence was performed according to its clustering within a phylogenetic 474 
tree calculated with MrBayes (based on MADS-, I- and K-domain sequences, applying mixed 475 
AA model with 20 million generations, 50% burn-in, and a sample frequency of 1000) 44. All 476 
sequences with uncertain subfamily assignment were removed. To optimize the alignment 477 
quality of the K-domain 133 further sequences were removed that produced gaps and that did478 
not appear to be representative for the respective subfamily. The final sequence collection 479 
comprised 1325 MIKC-type protein sequences.480 
Relative sequence similarities at homologous sites were calculated with R (https://www.R-481 
project.org/). Each pair of amino acids at equivalent sites were assigned a similarity score 482 
based on BLOSUM40 values normalized to 1. Subsequently, all pairwise similarity scores 483 
were averaged to calculate the mean relative sequence similarity for all amino acid positions 484 
within the K-domain. BLOSUM40 was chosen because the average sequence identity within 485 
the K-domain of all examined sequences was about 40 %. Box-plots and line graphs of 486 
sequence similarity scores were created with SPSS (IBM). Statistical significance of sequence 487 
similarity differences were tested via Mann-Whitney U-tests implemented in SPSS.488 
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Subfamily specific amino acid frequencies and mean hydrophobicity values for positions 489 
within the K-domain were calculated with R. SEP3 K-domain crystal structure pictures were 490 
created with Swiss-PdbViewer (SIB). Helical wheel diagrams were created with R. Coiled-491 
coil predictions to preselect potential positions for single and double amino acid substitutions 492 
were performed with COILS 45.493 
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FIGURES647 
648 
649 
Figure 1. Domain architecture of the K-domain of SEP3 based on sequence and 650 
structural features. (a) Based on coiled-coil predictions (top) the K-domain was assumed to 651 
fold into three separate coiled-coils and was thus subdivided into three subdomains K1-, K2-652 
and K3-subdomain (middle). The crystal structure of the K-domain of SEP3 revealed that it 653 
folds into two α-helices separated by a kink region (bottom). The first helix spans the K1-654 
subdomain (color coded in yellow) and is involved in the dimerisation of two SEP3 655 
monomers (i.e. dimerisation interface). The second helix spans the K2- and K3-subdomains 656 
and constitutes an N-terminal interaction interface that further stabilizes dimerisation of two 657 
SEP3 monomers (red) and a second C-terminal interaction interface that mediates the 658 
interaction of two SEP3 dimers (i.e. tetramerisation interface, blue). Coiled-coil predictions 659 
were performed with COILS 45. The solid, dashed and dotted lines correspond to a sliding 660 
window size of 14, 21 and 28 amino acids used for the prediction, respectively. (b) Crystal 661 
structure of a SEP3 K-domain homotetramer 23. The dimerisation interface of helix one, the 662 
kink region, the dimerisation interface of helix two and the tetramerisation interface of one K-663 
domain are color coded in yellow, green, red and blue, respectively.664 
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665 
Figure 2. Ability of SEP3 and AMtrAGL9 wild type proteins and different amino acid 666 
substitution mutants to cooperatively bind to DNA. (a) Pairwise sequence alignment of the 667 
K-domains of SEP3 and AMtrAGL9. The heptad repeat pattern is depicted in the center.668 
Positions at which amino acids were substituted are indicated by open triangles. (b and c)669 
Binding of SEP3 wild type (b) and SEP3-L164P (c) to a DNA probe containing two CArG-670 
boxes. Increasing amounts of in vitro translated protein were incubated with constant amounts 671 
of DNA probe. As negative control the empty pTNT vector without any cDNA insert was 672 
used as template DNA for the in vitro translation (lane ∆). For size comparison a radioactively 673 
labeled DNA ladder (100 bp Ladder, NEB) was applied (lane M). The labeling of the three 674 
different fractions ‘0’, ‘2’ and ‘4’ corresponds to the number of proteins bound to one DNA 675 
molecule. Quantified signal intensities of the different fractions and graphs, fitted according 676 
to equation (1) to (3) described in Methods, are shown next to the gel pictures (▲ free DNA; 677 
■ DNA probe bound by two proteins; ● DNA probe bound by four proteins). The kcoop value 678 
inferred from this particular measurement is depicted above the diagram. (d and e) kcoop679 
values for the wild type protein and all examined single and double amino acid substitution 680 
mutants of SEP3 (d) and AMtrAGL9 (e). kcoop values above 200 could not be determined 681 
reliably (see Methods).682 
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683 
Figure 3. Sequence similarity analysis of SEP3-subfamily proteins and members of other 684 
MIKC-type MADS-domain protein subfamilies. (a) Box-plot showing relative sequence 685 
similarity at homologous sites of SEP3-subfamily proteins for positions that are involved in 686 
hydrophobic interactions within the SEP3 homotetramer and positions that are not involved in 687 
hydrophobic interactions. (b) Line graph showing the same analysis as in (a) but for all 688 
MIKC-type protein subfamilies. For all subfamilies amino acid positions that are homologous 689 
to sites involved in hydrophobic interactions are significantly less variable than positions that 690 
are homologous to non-interacting sites (Mann-Whitney-U-test; * p = 0.01-0.05;691 
** p = 0.001-0.01; *** p < 0.001).692 
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Figure 4. Amino acid preferences of SEP3-subfamily proteins and members of other 693 
MIKC-type MADS-domain protein subfamilies. (a) Picture of the crystal structure of a694 
single K-domain of SEP3. Leucine side chains that are involved in inter- and intramolecular 695 
interactions are shown in green. (b) Amino acid frequencies at sites homologous to leucine 696 
residues that are involved in inter- and intramolecular interactions in the SEP3 homotetramer 697 
shown for SEP3-, AP3- and PI-subfamily proteins. Amino acids that occurred in less than 5 % 698 
of the examined subset of sequences were condensed as ‘others’. The vast majority of the 699 
positions shown vertically are homologous to each other. The only exception are positions700 
154, 157, 164 and 171 of PI-like proteins. In this case, a gap was detected in the alignment but 701 
amino acids directly following the gap were included here. (c) Amino acid preferences at sites 702 
homologous to leucine residues that contribute to dimerisation interface (L101, L108), kink 703 
region (L115, L120, L123, L128, L131, L135) and tetramerisation interface (L154, L157, 704 
L164, L171) in the SEP3 homotetramer, shown for SEP3-, LOFSEP-, AGL6- and AP1-705 
subfamily proteins and all MIKC-type proteins, respectively, following the color coding of 706 
panel B. (d) Part of the crystal structure of two interacting tetramerisation interfaces within a 707 
SEP3 homotetramer. The picture illustrates the favorable Leu-Leu interaction at heptad repeat 708 
‘d’ positions as it becomes apparent several times within a SEP3 homotetramer (upper part). 709 
In contrast to the γ-branched leucine a β-branched amino acid such as isoleucine would 710 
potentially lead to steric hindrance at heptad repeat ‘d’ positions (lower part).711 
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712 
Figure 5. Design and cooperative DNA-binding capabilities of the chimeric protein 713 
SEP3AP3chim. (a) Pairwise sequence alignment of the K-domains of SEP3 and AP3. The 714 
heptad repeat pattern is depicted in the center. Orange background marks the region that was 715 
substituted to create the chimeric protein SEP3AP3chim. Open triangles mark the positions of 716 
the subsequently introduced amino acid substitutions. (b) Experimental setup to test for the 717 
ability of leucines to restore tetramerisation ability of SEP3AP3chim. First the complete 718 
tetramerisation interface (i.e. the K3-subdomain) of SEP3 was substituted by the equivalent 719 
positions of AP3. Subsequently the two residues T157 and Q164 were substituted back to 720 
leucine to reestablish the hydrophobic stripe. (c-e, left) Helical wheel diagram of the 721 
tetramerisation interface of SEP3 wild type (c), SEP3AP3chim (d) and SEP3AP3chim-T157L-722 
Q164L (e), respectively, to illustrate the presumed position of amino acids 157 and 164 723 
(framed in red) within the hydrophobic stripe of the K3-subdomain coiled-coil. (c-e, right) 724 
Binding of SEP3 wild type (c), SEP3AP3chim (d) and SEP3AP3chim-T157L-Q164L (e) to a DNA725 
probe containing two CArG-boxes. Increasing amounts of in vitro translated protein were 726 
incubated together with constant amounts of DNA probe. kcoop values inferred from this 727 
particular measurement are depicted below the helical wheel diagrams.728 
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3 Discussion 
Plant Type II MADS-TFs control a plethora of different developmental processes, most notably 
the flower development of angiosperms and are thus one of the most important and intensively 
studied transcription factor families of plants (Becker and Theißen, 2003; Kaufmann et al., 
2005a; Smaczniak et al., 2012a). In contrast to MADS-TFs from animals and fungi, plant Type II 
MADS-TFs exhibit the highly conserved K-domain that mediates protein-protein interactions and 
enables members of the MIKCC-type MADS-TF family to tetramerize among each other 
(Theißen et al., 1996; Kaufmann et al., 2005a; Melzer et al., 2009). The protein-protein 
interaction capabilities of plant Type II MADS-TFs are thus of utmost importance to understand 
the combinatorial action and evolution of this class of transcription factors. In recent years an 
increasing number of studies focused on the protein-protein interactions of floral homeotic 
MIKCC-type proteins and the structure of the K-domain (Immink et al., 2009; Melzer and 
Theißen, 2009; Melzer et al., 2009; van Dijk et al., 2010; Espinosa-Soto et al., 2014; Puranik et 
al., 2014; Silva et al., 2016; Zhang et al., 2016; Al Hindi et al., 2017; Ruelens et al., 2017). The 
insights gained through this thesis together with recent findings of the scientific community 
allows us to draw a clearer picture of the evolutionary trajectories that shaped the present day 
structure of the PPI network controlling flower development and to narrow down which sequence 
determinants of the K-domain account for different interaction capabilities of floral homeotic 
proteins. 
 
3.1 Evolution of the PPI network controlling flower development of angiosperms 
In A. thaliana the PPI network of floral homeotic proteins shows a characteristic scale-free 
structure where most proteins display a highly limited set of interaction partners and only few 
members possess promiscuous interactions, most notably SEP3 (de Folter et al., 2005; Immink et 
al., 2009; Al Hindi et al., 2017). PPI networks of floral homeotic proteins have also been 
investigated for several other core eudicot species such as Antirrhinum majus (Causier et al., 
2003), Petunia x hybrida (Immink et al., 2003), Solanum lycopersicum (Leseberg et al., 2008; Al 
Hindi et al., 2017) and Gerbera hybrida (Ruokolainen et al., 2010) as well as for the more 
distantly related early diverging eudicot species Euptelea pleiospermum, Akebia trifoliata and 
Pachysandra terminalis (Liu et al., 2010) and for the monocot Oryza sativa (Cooper et al., 2003). 
Comparison of the PPI networks reveals that the protein-protein interactions that are required for 
the formation of the different floral quartets are highly conserved throughout all investigated 
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networks pointing towards an essential role of these interactions for the development of the 
primary flower architecture (Liu et al., 2010). Beside the conserved interactions also several 
variable interactions were found that are presumed to account for deviant flower morphologies of 
the examined species (Liu et al., 2010). In addition and no less remarkable also the absence of 
numerous interactions appeared to be ‘conserved’. For example, in none of the investigated 
eudicot and monocot species a direct interaction of AP3-like proteins with AP1-, AG- or 
STK-like proteins was detected (Liu et al., 2010; Ruokolainen et al., 2010). Furthermore, also no 
direct interaction between AG- and STK-like proteins was found (Liu et al., 2010). The absence 
of certain interaction patterns suggests that these interactions probably bring about detrimental 
changes in gene regulation that may cause severe malfunctions during floral organ identity 
determination.  
 
In our study on the evolution of the obligate heterodimerization of AP3 and PI my colleagues and 
I investigated protein-protein interaction capabilities of floral homeotic proteins from the early 
diverging angiosperm species Amborella trichopoda, Nuphar advena and from the magnoliid 
Liriodendron tulipifera (Manuscript I: Melzer et al., 2014). We could show that even floral 
homeotic proteins of such distantly related species possess all protein-protein interactions that are 
necessary for the formation of the different floral quartets (Manuscript I: Melzer et al., 2014). 
However, beside these highly conserved interaction patterns we observed additional interactions 
among floral homeotic proteins of early diverging angiosperms that are not found among their 
orthologs from monocots and eudicots (Manuscript I: Melzer et al., 2014). For example AP3-like 
proteins from A. trichopoda and N. advena do not only interact with PI-like proteins but also with 
AG-like and AGL6-like proteins. This finding is consistent with other studies on the interactions 
of floral homeotic proteins from A. trichopoda and N. pumila that detected direct interactions of 
AP3- and PI-like proteins with AP1-, AGL6- and STK-like proteins, respectively (Amborella 
Genome Project, 2013; Li et al., 2015). The more promiscuous interactions of floral homeotic 
proteins from early diverging angiosperms suggest that ancestral precursors of floral homeotic 
proteins being present at the base of angiosperm evolution may also possessed a wide interaction 
spectrum, pointing towards a shift from promiscuity to specificity in the PPI network. 
 
To better comprehend changes within the PPI network of floral homeotic proteins during 
angiosperm evolution two different approaches could be applied. The method of ancestral 
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character state reconstruction uses experimentally determined protein-protein interaction data of 
proteins from extant species, maps the interaction data onto the phylogeny of the examined 
proteins and eventually reconstructs the ancestral states at internal nodes (Manuscript II: Rümpler 
et al., 2015a). By contrast the technique of ancestral sequence reconstruction calculates the most 
likely amino acid sequence of ancestral proteins at certain time points during evolution. The 
reconstructed amino acid sequences can be used to synthesize the encoding nucleotide sequences 
and to subsequently examine the protein-protein interaction behavior of the corresponding 
proteins experimentally (Gumulya and Gillam, 2017). In recent years both approaches were 
applied to reconstruct the state of the PPI network of floral homeotic proteins in the MRCA of 
extant angiosperms (Li et al., 2015; Ruelens et al., 2017). The results consistently substantiate the 
assumption that ancestral floral homeotic proteins indeed possessed more promiscuous 
interaction capabilities compared to their orthologs of extant eudicots and monocots (Li et al., 
2015; Ruelens et al., 2017). 
 
In the context of this thesis protein-protein interaction data of floral homeotic proteins from 
phylogenetically informative angiosperms were examined to infer how the PPI network 
controlling flower development changed during early angiosperm evolution. However, to 
conceive the evolutionary trajectories that shaped the structure of the PPI network at the base of 
angiosperm evolution it is necessary to also consider the interaction capabilities of orthologs of 
floral homeotic proteins from gymnosperms, angiosperms closest extant relatives. The seven 
subfamilies of floral homeotic genes that are present in angiosperms (AP1-, AP3-, PI-, AG-, 
STK-, SEP1- and SEP3-like genes) most likely trace back to four ancestral gene families 
(ancestral AP1/FLC-, ancestral AP3/PI-, ancestral AG/STK- and ancestral SEP-like genes) that 
were present in the MRCA of extant seed plants i.e. angiosperms and gymnosperms (Gramzow 
and Theißen, 2010; Ruelens et al., 2013; Gramzow et al., 2014; Chen et al., 2017). In 
angiosperms ancestral AP1/FLC-like genes diverged into AP1- and FLOWERING LOCUS C 
(FLC)-like genes of which latter function as central repressors of flowering in A. thaliana. 
Ancestral AP3/PI-like genes diverged into AP3- and PI-like genes, a duplication of an ancestral 
AG/STK-like gene gave rise to AG- and STK-like genes and ancestral SEP-like genes diverged 
into SEP1- and SEP3-like genes (Ruelens et al., 2013; Gramzow et al., 2014; Chen et al., 2017). 
Phylogeny reconstructions of orthologs of floral homeotic genes from the gymnosperm Gnetum 
gnemon suggest that GGM2 and GGM3 constitute direct descendants of an ancestral AP3/PI-like 
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and an ancestral AG/STK-like gene, respectively (Becker et al., 2003; Wang et al., 2010; 
Gramzow et al., 2014). Two further genes of G. gnemon GGM9 and GGM11 were found to be 
phylogenetically closely related to AP1- and SEP-like genes of angiosperms, although their exact 
phylogenetic relationship is still discussed controversially in the literature (Kim et al., 2013; 
Ruelens et al., 2013; Gramzow et al., 2014). Studies on the protein-protein interactions of the 
encoded proteins revealed direct interaction of GGM2 with GGM3, GGM9 and GGM11 as well 
as direct interaction of GGM3 with GGM9 and GGM11 (Winter et al., 2002b; Wang et al., 2010). 
Thus similar to the direct interactions of AP3-, PI-, AG- and STK-like proteins observed in early 
diverging angiosperms (Amborella Genome Project, 2013; Melzer et al., 2014; Li et al., 2015) 
also the AP3/PI- and AG/STK-like proteins of the gymnosperm G. gnemon are capable to 
directly interact. Thus it appears most likely that also the ancestral AP1/FLC-, AP3/PI-, 
AG/STK- and SEP-like proteins being present at the base of seed plant evolution possessed 
promiscuous interaction capabilities. The angiosperm specific duplications of floral homeotic 
genes increased the number of floral homeotic proteins which probably still possessed 
promiscuous interaction capabilities resulting in a complex PPI network with highly connected 
nodes (Li et al., 2015; Ruelens et al., 2017). During early angiosperm evolution numerous 
protein-protein interactions were lost leading to a shift from promiscuous to more specific 
interactions within the PPI network of floral homeotic proteins (Ruelens et al., 2017). 
Remarkably the loss of interactions thereby was not random but rather predominantly involved 
interactions of AP3- and PI-like proteins and to a certain extent also AG- and STK-like proteins 
(Li et al., 2015; Ruelens et al., 2017). In contrast SEP-like proteins retained their promiscuous 
interaction behavior eventually leading towards the scale-free network structure found in extant 
eudicots and monocots with SEP-like proteins serving as hubs that mediate interaction of most 
other floral homeotic proteins (Ruelens et al., 2017). 
 
3.2 Origin and evolution of floral quartet-like complex formation 
Most studies on protein-protein interactions of floral homeotic proteins are based on yeast-two-
hybrid (Y2H) and Y3H experiments. Therefore relatively little is known about the capabilities of 
different floral homeotic proteins to form DNA-bound homo- and heterotetramers, i.e. the 
formation of floral quartet-like complexes (FQCs). For floral homeotic proteins of A. thaliana it 
has been shown that the B-class proteins AP3 and PI bind as heterodimer to a single CArG-box 
but they are unable to tetramerize among each other (Melzer and Theißen, 2009). Similarly also 
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AP1 and AG, respectively can bind as homodimers to a single DNA-binding site but they are 
incapable of forming DNA-bound homotetramers nor heterotetramers with one another 
(Smaczniak et al., 2012b). However, in combination with SEP3 AP3 and PI as well as AP1 and 
AG can be incorporated into FQCs (Melzer and Theißen, 2009; Smaczniak et al., 2012b). In 
contrast to this SEP3 as well as its closely related paralogs SEP1, SEP2 and SEP4 are able to 
form DNA-bound homotetramers with high affinity (Melzer et al., 2009; Jetha et al., 2014; 
Manuscript V: Rümpler et al., 2017). Thus among floral homeotic proteins of A. thaliana the 
ability to form DNA-bound homotetramers seems to be restricted to SEP-like proteins. 
 
In this thesis I investigated the homotetramerization abilities of the distantly related SEP3 
ortholog AMtrAGL9 from A. trichopoda and I could show that it is capable of forming DNA-
bound homotetramers with an affinity similar to that of SEP3 (Manuscript V: Rümpler et al., 
2017). Furthermore I could demonstrate that the amino acid residues that are essential for 
tetramerization of SEP3 are highly conserved among SEP-like proteins (Manuscript V: Rümpler 
et al., 2017). These findings strongly suggest that the ability of SEP-like proteins to form 
homotetramers and thus probably also their ability to incorporate other proteins into tetrameric 
complexes is highly conserved throughout angiosperms. Surprisingly, studies on homo- and 
heterotetramerization capabilities of AP3-, PI-, and AG-like proteins from A. trichopoda and 
N. advena suggest that the ability to form homotetramers is more widespread among floral 
homeotic proteins from early diverging angiosperm species (Härter, 2011). In a very recent study 
Ruelens et al. (2017) reconstructed and synthesized the ancestral floral homeotic proteins of the 
MRCA of extant angiosperms and tested their abilities to form DNA-bound homo- and 
heterotetramers. Their findings indicate that in contrast to AP3-, PI- and AG-like proteins from 
A. thaliana ancestral AP3/PI- and AG/STK-like proteins do not require ancestral SEP-like 
proteins to form FQCs. Instead the ancestral AP3/PI- and AG/STK-like proteins were shown to 
form heterotetramers among themselves and probably even homotetramers (Ruelens et al., 2017). 
This finding is consistent with previous studies on FQC formation capabilities of floral homeotic 
proteins from gymnosperms. GGM2 (AP3/PI-like) and GGM3 (AG/STK-like) from G. gnemon 
have been shown to bind to DNA as heterotetramer and GGM3 is even capable to form 
DNA-bound homotetramers (Wang et al., 2010). Thus also AP3/PI- and AG/STK-like proteins 
from gymnosperms do not require SEP-like proteins to form FQCs. Taken together these findings 
suggest that the ability to form DNA-bound homo- and heterotetramers is an ancestral feature of 
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floral homeotic proteins. During early angiosperm evolution most subfamilies of floral homeotic 
proteins lost the ability to from DNA-bound homotetramers and probably also the ability to 
incorporate other floral homeotic proteins into FQCs, whereas this feature was retained among 
SEP-like proteins. 
 
If FQC formation is the ancestral rather than the derived state of floral homeotic proteins the 
question still remains as to when during plant evolution FQCs first occurred. Due to the 
importance of the K-domain for mediating the protein-protein interactions that are necessary for 
FQC formation it appears very likely that the ability to form DNA-bound tetramers is restricted to 
MIKC-type MADS-TFs (Manuscript IV: Theißen et al., 2016). All so far described FQCs are 
exclusively composed of MIKCC-type MADS-TFs (Melzer and Theißen, 2009; Wang et al., 
2010; Smaczniak et al., 2012b; Jetha et al., 2014; Ruelens et al., 2017; Manuscript V: Rümpler et 
al., 2017). However, as no MIKC*-type proteins have yet been tested for their ability to 
cooperatively bind to DNA it remains unresolved whether the presence of the K-domain per se or 
rather specific amino acid features within the K-domain of MIKCC-type proteins facilitate 
tetramerization. MIKCC- and MIKC*-type genes differ in length and number of the exons that 
encode for the K-domain (Henschel et al., 2002; Kwantes et al., 2012). This suggests that even 
though MIKC*-type proteins may form FQCs the structural basis upon which FQC formation of 
MIKC*-type proteins takes place is probably different from that facilitating tetramerization of 
MIKCC-type proteins. This hypothesis is consistent with the observation that MIKCC- and 
MIKC*-type MADS-TFs almost exclusively interact among each other but not with members of 
the other clade (de Folter et al., 2005; Immink et al., 2009). Clearly, studies on tetramerization 
capabilities of MIKC-type proteins from lycophytes, bryophytes and even from charophytes are 
needed to further narrow down the origin of FQCs and to clarify whether it was directly linked to 
the emergence of the K-domain or if it evolved later during land plant evolution. 
 
3.3 Sequence features determining protein-protein interactions of floral homeotic proteins 
The studies discussed above demonstrate that the structure of the PPI network as well as the 
homotetramerization capabilities of floral homeotic proteins changed during angiosperm 
evolution. Thus, the question emerges as to which changes at the molecular level account for 
subfamily specific interaction patterns and the evolutionary changes of the PPI network. Based 
on substitutions of amino acids within the K-domain of SEP3 I could demonstrate that smallest 
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changes in the amino acid composition (i.e. residue substitutions at a single interacting site) can 
have severe consequences on the overall interaction behavior of the respective protein 
(Manuscript V: Rümpler et al., 2017). The experimental investigations of this thesis mainly 
focused on the importance of hydrophobic residues for FQC formation. My findings demonstrate 
that highly conserved leucine residues at intra- and intermolecular interaction sites are 
indispensable for tetramerization of SEP3 and it is presumed that the absence of these leucines at 
least partially accounts for the less promiscuous interactions of non-hub proteins such as AP3 and 
PI (Manuscript V: Rümpler et al., 2017). Analyses on relative sequence similarity patterns within 
the K-domain have shown that throughout all subfamilies of MIKCC-type MADS-TFs amino acid 
positions that are homologous to interacting sites of SEP3 are less variable than amino acid 
positions that constitute no direct interaction partners within a SEP3 homotetramer (Manuscript 
V: Rümpler et al., 2017). This finding strongly suggest that the structure of the K-domain as 
determined for SEP3 is highly conserved throughout all subfamilies of MIKCC-type proteins. 
Furthermore it indicates that amino acid positions that are homologous to interacting sites within 
a SEP3 homotetramer also constitute direct contact points within the K-domains of other 
MIKCC-type proteins. These insights together with the profound knowledge about favorable and 
unfavorable amino acid pairings of coiled-coil proteins (Mason and Arndt, 2004; Mason et al., 
2009) can be used to reconsider previous findings on sequence determinants mediating 
protein-protein interactions of certain floral homeotic proteins. For example this knowledge could 
be applied to understand the molecular reasons for the obligate heterodimerization of AP3 and PI. 
 
Almost 15 years ago Yang et al. (2003b) screened for single amino acid substitution mutants of 
AP3 and PI that were unable to heterodimerize with one another. Based on their findings they 
postulated a favorable electrostatic interaction between the positively charged R102 of AP3 and 
the negatively charged E97 of PI (Yang et al., 2003b). Based on the assumption that the 
K-domain of AP3 and PI folds into a structure similar to that determined for SEP3 (Manuscript 
V: Rümpler et al., 2017) the residues identified by Yang and colleagues indeed constitute direct 
interaction partners on opposing heptad repeat ‘e’ and ‘g’ positions in the center of helix one 
(K1-subdomain). As already suggested by the authors this favorable electrostatic interaction 
would not occur in a hypothetical AP3 homodimer nor in a PI homodimer because one of both 
charged residues would be missing in either case (Yang et al., 2003b). My analyses on subfamily 
specific amino acid distributions within the K-domain of MIKCC-type proteins (Manuscript V: 
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Rümpler et al., 2017) reveal that both charged residues are exceedingly conserved among AP3- 
and PI-like proteins, respectively. In addition also the absence of charged residues at amino acid 
position 97 of AP3-like proteins and at position 102 of PI-like proteins is highly conserved 
(Manuscript V: Rümpler et al., 2017). This suggests that attractive electrostatic interactions 
between the first K-domain helices of AP3- and PI-like proteins facilitate heterodimerization and 
that the absence of this favorable interaction prevents homodimerization of AP3- and PI-like 
proteins, respectively. Interestingly, the gymnosperm AP3/PI-like protein GGM2 from 
G. gnemon that is capable of forming homodimers (Wang et al., 2010) possesses E97 as well as 
R102 suggesting that a favorable electrostatic interaction could take place and stabilize a GGM2 
homodimer (Yang et al., 2003b). 
 
Beside the single amino acid substitution mutants investigated by Yang et al. (2003b) also studies 
on the mutant PI allele pi-5 (Yang et al., 2003a) help to understand the molecular reasons for the 
obligate heterodimerization of AP3- and PI-like proteins. The pi-5 allele possesses a missense 
mutation in the K-box that causes a single amino acid substitution from the negatively charged 
glutamate to the positively charged lysine at amino acid position 125 of the encoded protein 
(Yang et al., 2003a). The resulting mutant PIE125K is defective in dimerization with AP3 resulting 
in a partial loss of B-function in pi-5 mutant plants. When Yang et al. (2003a) screened for 
compensatory AP3 mutant proteins they identified a single amino acid substitution mutant 
possessing a charge swap from lysine to glutamate at amino acid position 139 (AP3K139E). 
Although amino acid position 125 of PI and 139 of AP3 appear to be relatively far away from 
each other, the compensatory charge substitutions suggest that both positions directly interact 
within an AP3-PI heterodimer. Intriguingly, in two interacting K-domains of SEP3 amino acid 
positions homologous to E125 of PI and K139 of AP3, respectively, indeed constitute direct 
interaction partners that are both located within the N-terminal half of the second K-domain 
helix (K2-subdomain). Both charged residues are highly conserved among AP3- and PI-like 
proteins, respectively, suggesting that also within the second K-domain helix a favorable 
electrostatic interaction stabilizes the AP3-PI heterodimer. The favorable interaction is not 
expected to occur in a hypothetical homodimer of PI as the positively charged residue at amino 
acid position 139 is absent among PI-like proteins. In accordance to the example discussed 
before, the gymnosperm AP3/PI-like protein GGM2 contains both E125 and K139 suggesting 
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that the favorable interaction between both charged residues could take place to stabilize the 
GGM2 homodimer. 
 
Taken together these observations strongly support the assumption that the K-domains of AP3 
and PI fold into a structure similar to that determined for SEP3. Furthermore it presumes that the 
heterodimerization of AP3 and PI is at least partially mediated by attractive electrostatic 
interactions and that the absence of these stabilizing interactions prevents homodimerization of 
AP3 and PI, respectively. In our study on the evolution of the obligate heterodimerization of AP3 
and PI my colleagues and I demonstrated that the ability of AP3- and PI-like proteins to form 
homodimers was most likely present at the base of extant angiosperms and subsequently got lost 
during early angiosperm evolution (Manuscript I: Melzer et al., 2014). With these findings my 
colleagues and I supported the previous hypothesis that AP3- and PI-like proteins evolved from 
an ancestral AP3/PI-like protein that was able to form homodimers (Winter et al., 2002b; Lenser 
et al., 2009). The observations discussed above give a possible explanation as to which alterations 
at the molecular level account for the evolutionary changes in the protein-protein interactions of 
AP3- and PI-like proteins. It suggests that during early angiosperm evolution AP3- and PI-like 
proteins independently lost charged residues at different amino acid positions within the 
K-domain that are critical for intermolecular electrostatic interactions. As a result the favorable 
electrostatic interactions no longer take place in homodimers of AP3- and PI-like proteins, 
respectively, but still occur in a heterodimer eventually leading to an obligate heterodimerization 
of both proteins. In a very recent study on the evolution of the protein-protein interactions of 
AP3- and PI-like proteins in monocots Bartlett et al. (2016) demonstrated that homodimerization 
of PI-like proteins was regained several times independently within Poales. Interestingly they 
could show that a single amino acid change within the I-domain from the uncharged glycine to 
the negatively charged aspartic acid is responsible for a switch from obligate heterodimerization 
to homodimerization (Bartlett et al., 2016). This suggests that in addition to the K1- and 
K2-subdomains also the I-domain mediates attractive or repulsive electrostatic interactions that 
determine the interaction capabilities of AP3- and PI-like proteins. 
 
The discussed amino acids within the K1- and K2-subdomains all occupy heptad repeat ‘e’ and 
‘g’ positions, respectively. It is well known that whereas coiled-coil interaction stability is mainly 
achieved by hydrophobic amino acids at heptad repeat ‘a’ and ‘d’ positions, pairing specificity is 
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greatly influenced by charged amino acids at ‘e’ and ‘g’ positions (Mason and Arndt, 2004; 
Mason et al., 2009). My investigations on amino acid distributions within the K-domain of 
MIKCC-type proteins belonging to different subfamilies indicate that also beyond AP3- and 
PI-like proteins subfamily specific charge distributions at heptad repeat ‘e’ and ‘g’ positions 
occur (Manuscript V: Rümpler et al., 2017). Thus it appears very likely that the different 
protein-protein interaction capabilities of MIKCC-type MADS-TFs are to some extend mediated 
by the subfamily specific presence or absence of charged residues at certain ‘e’ and ‘g’ positions 
throughout the K-domain. 
 
3.4 Implications of the K-domain mimicry of SAP54 
The highly specific protein-protein interactions that are mediated by the K-domain of 
MIKCC-type MADS-TFs are not only essential for dimerization and tetramerization of floral 
homeotic proteins. The interaction capabilities are also exploited by an effector protein of 
phytopathogenic bacteria. In this thesis I present preliminary evidences that the phytoplasma 
effector protein SAP54 folds into a structure similar to that of the K-domain of MIKCC-type 
MADS-TFs (Manuscript III: Rümpler et al., 2015b). My colleagues and I hypothesize that 
SAP54 mimics the K-domain structure as a result of convergent sequence and structural 
evolution to specifically target certain MIKCC-type MADS-TFs (Manuscript III: Rümpler et al., 
2015b). As a consequence of the molecular mimicry the sequence determinants that enable the 
interaction between SAP54 and its targets are probably very similar to that mediating 
dimerization and tetramerization among MIKCC-type MADS-TFs. 
 
SAP54 has been shown to preferentially target MIKCC-type proteins of certain subfamilies 
(MacLean et al., 2014). Among the 15 MIKCC-type MADS-TFs of A. thaliana that are bound by 
SAP54, 12 belong to the subfamilies of AP1-, FLC-, AGL6- and SEP-like proteins, respectively 
(MacLean et al., 2014; Maejima et al., 2014b; Maejima et al., 2015). These subfamilies are 
phylogenetically closely related and most likely trace back to one ancestral gene that existed prior 
to the split of angiosperms and gymnosperms (Kim et al., 2013; Ruelens et al., 2013; Gramzow et 
al., 2014). In a very recent study Kitazawa et al. (2017) show that the SAP54 ortholog PHYL1 is 
able to bind to AP1- and SEP-like MADS-TFs of the eudicots P. hybrida and 
Chrysanthemum morifolium and the monocots O. sativa and Lilium longiflorum. The specific 
binding of PHYL1 to AP1- and SEP-like proteins of such distantly related angiosperm species 
Discussion 
108 
 
suggests that the effector protein probably exploits subfamily specific protein-protein interaction 
capabilities of MIKCC-type MADS-TFs to specifically target members of the 
AP1/FLC/AGL6/SEP-superfamily. 
 
In our opinion article on the convergent evolution of SAP54 (Manuscript III: Rümpler et al., 
2015b) my colleagues and I hypothesized that the specific interactions of SAP54 could probably 
serve as a molecular tool to study the function of floral homeotic proteins in genetically 
intractable species. It is currently discussed controversially whether the incorporation of SEP-like 
proteins into FQCs was an important step in the evolution of the angiosperm flower or if 
AGL6-like proteins of gymnosperms may fulfill similar functions (Manuscript IV: Theißen et al., 
2016; Ruelens et al., 2017). Thus phytoplasma infections could be used to create phenotypes that 
resemble knockouts of SEP- and AGL6-like genes in early diverging angiosperms and 
gymnosperms, respectively, to reveal the function of these genes for reproductive development. 
Remarkably, Kitazawa et al. (2017) could show that indeed the two gymnosperm AGL6-like 
proteins DAL1 from Picea abies and CjMADS14 from Cryptomeria japonica are bound by 
PHYL1.  
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4 Summary 
4.1 Summary 
The flower development of angiosperms is controlled by floral homeotic MIKCC-type 
MADS-domain transcription factors (MADS-TFs) that activate or repress target genes by 
forming floral organ specific DNA-bound heterotetrameric complexes termed floral quartets. The 
ability to form floral quartets highly differs between floral homeotic MADS-TFs of certain 
subfamilies. However, to date relatively little is known about how these subfamily-specific 
interaction patterns of floral homeotic proteins evolved during angiosperm evolution and which 
sequence determinants account for the different interaction capabilities. 
Based on interaction studies of floral homeotic proteins from early diverging angiosperms I could 
show that the interactions governing flower development in core eudicots are also present in 
these distantly related species. However, especially AP3- and PI-like proteins from early 
diverging angiosperms possess additional interactions compared to their orthologs from core 
eudicots which form obligate heterodimers only. The more diverse interactions among floral 
homeotic proteins from early diverging angiosperms suggest a shift from promiscuity to 
specificity in the protein-protein interaction network during early angiosperm evolution. 
By comprehensive amino acid sequence analyses of MADS-TFs I demonstrated that the structure 
of the protein-protein interacting keratin-like domain (K-domain) is most likely highly similar 
among all subfamilies of floral homeotic proteins. Amino acid substitutions within the K-domain 
of the floral homeotic hub protein SEP3 revealed that highly conserved leucine residues at 
interacting sites are essential mediators of floral quartet-like complex formation. The absence of 
leucine residues at homologous amino acid positions in non-hubs such as AP3- and PI-like 
proteins probably accounts for their less promiscuous interactions. 
Beside the highly specific protein-protein interactions among floral homeotic proteins I studied 
another K-domain mediated interaction. The phytoplasma effector protein SAP54 targets the 
K-domain to specifically bind MADS-TFs of certain subfamilies and destines them for 
degradation. By performing amino acid sequence analyses and structural predictions I provided 
preliminary evidence that SAP54 folds into a structure similar to that of the K-domain. Based on 
my findings I hypothesized that SAP54 evolved via convergent molecular evolution to mimic the 
K-domain of its MADS-TF targets.  
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4.2 Zusammenfassung 
Die Blütenentwicklung von Angiospermen wird von floral homöotischen MIKCC-Typ 
MADS-Domänen Transkriptionsfaktoren (MADS-TFs) kontrolliert. Diese aktivieren oder 
reprimieren Zielgene indem sie blütenorganspezifische DNA-gebundene Heterotetramere, 
sogenannte ‚florale Quartette‘, ausbilden. Die Fähigkeit zur Ausbildung floraler Quartette 
unterscheidet sich dabei stark zwischen floral homöotischen MADS-TFs verschiedener 
Subfamilien. Bisher ist allerdings nur sehr wenig darüber bekannt, wie diese subfamilien-
spezifischen Interaktionsmuster im Laufe der Angiosperm-Evolution entstanden sind und durch 
welche Sequenzdeterminanten die verschiedenen Interaktionsfähigkeiten bestimmt werden. 
Ausgehend von Interaktionsstudien floral homöotischer Proteine aus basalen Angiospermen, 
konnte ich zeigen, dass die Interaktionen, die die Blütenentwicklung von Kern-Eudikotylen 
steuern, auch in diesen entfernt verwandten Spezies zu finden sind. Darüber hinaus zeigten vor 
allem AP3- und PI-ähnliche Proteine aus basalen Angiospermen zusätzliche Interaktionen; im 
Gegensatz zu ihren Orthologen aus Kern-Eudikotylen die lediglich obligatorische Heterodimere 
ausbilden. Die vielfältigeren Interaktionen zwischen floral homöotischen Proteinen aus basalen 
Angiospermen weisen auf eine Zunahme der Spezifität innerhalb des Protein-Protein-
Interaktionsnetzwerks während der frühen Angiosperm-Evolution hin. 
Mit Hilfe von Aminosäuresequenzanalysen von MADS-TFs konnte ich zeigen, dass die Struktur 
der Keratin-ähnlichen Protein-Protein-Interaktionsdomäne (K-Domäne) subfamilienübergreifend 
höchstwahrscheinlich sehr ähnlich ist. Aminosäuresubstitutionen innerhalb der K-Domäne des 
floral homöotischen ‚Hub‘-Proteins SEP3 zeigten, dass hoch konservierte Leucin-Seitengruppen 
an Interaktionspunkten essentiell für die Ausbildung floraler Quartette sind. Fehlende Leucin-
Seitengruppen auf homologen Aminosäurepositionen von ‚Non-Hub‘-Proteinen, wie AP3 und PI, 
sind möglicherweise für deren weniger vielfältige Interaktionen verantwortlich. 
Neben hochspezifischen Protein-Protein-Interaktionen zwischen floral homöotischen Proteinen 
habe ich eine weitere Interaktion der K-Domäne studiert. Das Phytoplasma Effektorprotein 
SAP54 interagiert mit der K-Domäne, um gezielt MADS-TFs bestimmter Subfamilien zu binden 
und anschließend deren Abbau zu vermitteln. Aminosäuresequenzanalysen und Struktur-
vorhersagen von SAP54 weisen darauf hin, dass die Struktur von SAP54 der Struktur der 
K-Domäne sehr ähnlich ist. Ausgehend davon habe ich die Hypothese aufgestellt, dass sich 
SAP54 über konvergente molekulare Evolution entwickelt hat, um die K-Domäne nachzuahmen. 
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